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1. Executive Summary

The overdl god of the Integrated
Globa Cabon Obsarving theme is to
devdop a flexible yet robust drategy
for  deploying globd  sysematic
observetions of the carbon cyde over
the next decade. This report sets forth
an  Opeaiond Globa Carbon
Observing Sysem. This System has
two main objectives

o To provide  the long-term
obsarvaions reguired to improve
underganding of the present dae
and future behaviour of the globa
cabon cyde paticulaly the
factors that control the globd
atmospheric CO, levd.

O To monitor and asess the
effectiveness of carbon
sequestration and/or emisson
reduction  ectivittes on  globd
amospheric CO, levds induding
atribution of sources and snks by
region and sector.

The System will meet those objectives
by routindy quantifying and assessing
the globd digribution of CO, fluxes
exchanged between the Earth's surface
and the amosphere, and by measuring
a regular intervas the changes of key
cabon gocks, dong with observetions
thet hep ducidate  underlying
biogeochemicd processes  The Globd
Cabon Obsarving System  integrates
across dl multi-faceted aspects of the
three mgor domains of the cabon
cycde ocean, land, and amosphere
Indeed, the most successful advances
in undeganding Suxings from the
combingtion of data and modds for the
different domains, wherein  results
from one doman place vduade
condraints on the workings of the
other two.

Implementing the observing Sysem
requires:

o Edablishing daa reguirements,
desgning network configurations,
and developing advanced
dgorithms for operationd carbon
obsavations, which will be the
core of a future, sustaned
operationd sysem by 2015,

0 Devdoping cod-effective, low
maintenance, in situ sensors for
amospheric CO,, oceen disolved
pCO, and teredtrid ecosystem
fluxes,

0 Devdoping ad  implementing
technologies for remote sendng of
CO; from space,

0 Improving edimates of biomass

based on ndiond  inventories
and/or remote sensng
observations,

o Devdoping, opeaiond  cabon

cyde modds vdidaed through
rigorous tets and driven by
sysemdic observaions that can
deliver routine diagnodics of the
gtate of the carbon cycle, and

0 Enhancing daa harmonization and
intercomparability, archiving, and
didribution to  support  modd
development and implementation

This Report presents a vison of the
Globa Cabon Observing System,
which ultimatdy will be implemented
both by resach and opediond
agencies, and it provides a roadmap to
redize the Sysem. The Report
identifies a core st of exiding
research-based obsarvations  upon
which to build the Sysem. It draws
heavily from the Teredrid Cabon
Obsarving draegy a  wdl  as
documents that describe the Globd
Climate Observing Sysem, the Globd
Taredtrid Obsarving  Sysem, and
Globd Ocean Observing Sysem. In
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addition, it describes the criticd
priorities and steps required to transfer
the core set of research obsarvations
into an operationd system.

The Straegy for Operationd Globd
Cabon Obsarving Sysem is fird a
carbon crosscut of GCOS, GTOS, and
GOOS and second an identification of
new  components not  previoudy
identified. The Sysem is in effect, a
system of systems.

The Opeaiond Globd  Cabon
Obsarving Sysem  should be  built
aound complementary core groups of
obsarvaions to address three themes
Huxes, Pools, and Processes.

Fluxes. The fird st of observations
enables quantification of the
digribuion and variddlity of CO
fluxes between the Earth's surface and
the atmosphere. It contains.

o0 Sadlite observaion of column
integrated amospheric CO,
digribution to an accuracy of a
leet 1 ppm with synoptic globa
coverage--dl |atitudes, al
Seasons,

» These observations do not exist yet
and must be given a very high
priority.

0 An optimized operaiond network
of amospheric in situ gations and
flask sampling dtes with  an
accuracy of a least 0.1 ppm;

» These observations, at present, are
achieved in research mode,
comprise 100 stations worldwide.
They must be increased in
horizontal and vertical coverageto
include continental interiors and
poorly sampled regions. This
requires development of cost-
effective sensors and the systematic
use of platforms of opportunity.

0 An optimized, operationd network
of eddy covaiance @ towers

meesring on a oontinuous bess
the fluxes of CO,, energy ad
water vapour over land
ecosystems,

» These observations are currently
made from a research network
comprising 100 towers. The
network must be secured for the
long term, and expanded over
ecosystem  types, successional
stages, and land-use intensities.

0 A globa ocean pCO, measurement
syfem usng a  coordinaed
combination of ressarch vessHds
dhips of opportunity, ad
autonomous drifters;

» These observations represent at
present about 100 cruises. The
central challenge to developing a
global-scale operational ocean
carbon observation network isthe
lack of accurate, robust, cost-
effective, autonomous sensors for
ocean pCO..

o A combination of sadlite
obsarvations, backed up by a long-
term continuity of measurements,
ddivering globd obsarvations of
parameters  required to  edimate
aurface-amosphere CO2  fluxes
where direct in Situ measurements
are scarce.

» These crucial satellite
observations are: land cover
status, disturbance extent and
intensity, parameters related to
vegetation activity, ocean colour,
and ancillary atmospheric and
oceanic variables controlling the
fluxes.

The agoproach for usng these
obsarvations to quantify the
digribution and variadlity of CO;
fluxes between the Earth's surface and
the amosphere requires reconciliation
of both downscding and up-scding
estimates. Atmospheric transport
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models are required to down-scale the
amospheric CO, messurements into
fluxes. Cabon cycle flux modds are
required to scde-up pointwise in situ
obsavations usng remotdy  sensed
variables.

Once the  Operationd Carbon
Obsarving System is in place, modet
data fuson techniques will routindy
assmilae the above liged daa
sreams of carbon measurements to
produce conssent and accurate
edimates of globad CO, flux fidds
with typica resolution of 10 km over
land and 50 km over oceans with

weekly frequency.

Pools. The second set of observetions
focuses upon changes in the three key
carbon pools

o Fores aboveground biomass
which will be messured a 5year
intervds by in dtu  inventory
methodologies and more
frequently by remote sendng
techniques.

o Sol cabon content will be
measured a 10year intervas
pimaily by in dStu inventory
methodologies.

» These observations are already
collected on a systematic basis for
assessing the commercial value of
forests and the quality of soils,
respectively. They need, however,
to be expanded over non-managed
forests, adapted for carbon cycle
studies, and be made available on
a georeferenced basis

o Inventories of dissolved carbon in
the main ocean basins, measured at
5 to 10-year intervals to esimate
the sequedration of anthropogenic
COz into surface waters.

» These observations are currently
made by the research community;

they need to be systematized,
carefully intercalibrated, and
expanded over poorly sampled
ocean  Qyres, and, most
importantly, they need to be made.

Measuring changes in carbon socks in
these three pools is citica for carbon
closure. It is a fundamenta check upon
the system, and essentid for hindcast
reanaysis of the carbon budget.

Processes. The third st of
observations in  the Sysem ae
measurements related to  important
cabon cycle processes. Mogt of these
will remain in the research domain, to
be coordinated within the framework
of the Globa Carbon Project. Two
processrelated observations, however,
ae more gopropriate  for  the
operationd doman and will become
part of the core set of the System:

o Fre didribution (hot spots) and
burned area extent, to esimate the
fluxes of cabon that are emitted
during fires. Hre hot spots will be
measured on (sub) daly time steps,
with fire extent a monthly
intervals.

o Land-cover change, to edtimate the
fluxes of cabon associaed with
forex cdeaing and reverson of
agriculturd lands  to  naurd
ecosysems. The sampling interva
will be 5 yeas with a gpatid
resolution of 1 km.

The obsavaion €forts will be
combined with endtoend daa
andyss sysdems to ddiver high
qudity products that will be fredy
accessble to the sdentific, resource
management, and policy communities
around the world.

Fndly, this Report desribes the
implementation  timeine  that  is
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desgned to buld an Operaiond
Globd Cabon Obsarving Sysgem by
2015.

|GCO version 45302003



2. The
Challenge

The concentrations of COz and CHa4 in
the atmosphere are a the highest they
have been in the pagt 25 million years.
Current levels of CO, have increased
by 30% from 280 ppm in preindudrid
times to 370 ppm today, and they
continue to rise. Current levels of CHy
of 2000 ppm ae nealy triple the pre
indudtrid vaue of 700 ppm.

These changes are caused by human
activities the primay agets of
change ae fossl fud combudion and
modifications of globd  vegeation
through landuse change (eg., lad
conveson to agriculture induding
pasture  expangon, biomass burning,
and for methane, the increase in
ruminants and rice cultivation). For the
decade of the 1990s, an average of
about 6.3 Pg C per year as CO; was
redleesed to the amosphere from the
buning of fosdl fuds and it is
esimated that an average of 1.5-25Pg
C per yer was emitted due to
deforedation and landuse  change
during the ssameinterval.*

The increesng CO, ad CHy
concentrations in the amosphere raise
concern regarding the heat badance of
the globd amosphere. Specificdly,
the increesng concentrations of these
gasss will leed to an intendfication of
the Eath's naturd greenhouse effect.
This shift in the planetary heat bdance
will force the globd dimeate system in
ways which are not wel understood,
given the complex interactions and
feedbacks involved, but there is a
generd consensus that globd peatterns
of temperaure and precipitation will
change, though the  magnitude
digribuion and timing of these
changes are fa from certan. The
results of generd circuldion modds
indicate that globaly averaged surface
temperatures  could increese by as
much a 156 degrees C in a world

Carbon Observation

with an amospheric concentration of
CO, twice that of the pre-indudrid
period.

The increases in greenhouse gases in
the amosphere, as noted, ae
anthropogenicaly  driven  but  partly
compensated by absorption of CO, a
the Earth's surface and by chemica
reecions in the amosphere, for
example, by the oxidation of methane
by the hydroxyl radicdl.

This Report focuses on COy; it does
provide, wherever necessary, links to
CH4 A gpecific draegy is beng
developed for CHs and other non-CO2
cabon compounds (eg., volaile
organic  compounds  emitted by

terrestriad  vegetation)  through  the
Integrated Globd Atmospheric
Chemigry  Obsarvation  (IGACO)
theme?

Only hdf on average of the CQO, from
anthropogenic  emissons has remained
until now in the amosphere. Andyses
of the decressing “*C/%C and O2/N:
ratios in the amosphere have shown
thaa the land and oceans have
squestered  the  other hdf,  in
goproximetely equa proportions.
However, the agpportionment of carbon
fluxes between ocean and land varies
intime and space.

The primary mechanisn for current
land carbon upteke is mog likdy the
recovery from higoricad land-use in
Europe and North America There are
severd other terrediria processes, such
& enhanced plant growth due to the
increese in amospheric  CO,, whose
effect is not yet well documented. For
the ocean, it is ocean drculaion
capled with the oceen solubility
pump; the role of biota and changes in
that role are less understood.

Further, the amaospheric growth rate of
CO2 exhibits lage interannud
fluctutions, on the order of the
aveage  long-tem  dgnd. The
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interannua  varigbility sgnd cannot be
explaned by the vaiddlity in fosdl
fud use Rather it gppears to reflect
primaily  changes in  teredtrid
ecosysems induced by changing large-
scae weather and climate patterns.

Improved predictions of future CO,
levds require better quantification and
process-levd  undergtanding  of the
present date of the globd carbon
cyde, induding both the naurd
components and anthropogenic
contributions. The current State of the
science, however, can neither account
for the CO, average growth rate nor
for the interannuad variaions with
confidence. Such overdl paterns of
tempord dynamics in the carbon cyde
ae important, and our undergtanding
of ther primary driversislimited.

At present, limitations in our current
underdanding also indude an inability
to locae wdl key snk or source
regions. Indgpendent information on
gpatid and tempord patterns of CO,
sources and snks is of extraordinary
vdue for chdlenging processbased
terrestrid  and oceanic  carbon cycle
modds, and thus for our ability to
predict future CO, trgjectories.

Quantifying present-day carbon
sources and snks and  understanding
the underlying carbon mechanisms ae
pretequistes to informed  policy
decisons This limitation is
fundamental as ndaions seek to deveop
drategies to manage carbon emissons
and to implement carbon sequedtration
activities

|GCO version 45302003



COoxidation(< 1GtQ

v
Atmosphere

730 + 3,B5tQyear

A A A
CariaEiEn osynthesis Autotrophic  Heterotrophic  |_and Air sea Ocean
110 respiration 50  respiration 55 uptak gross fluxeSO uptake
C02 (3.5)
CO(05)
Carbonaceous|
Aerosol5(<0.1)
Charcoal
formatiof
<0.1

+6.3

The Global Carbon Cycle : (Top) pools and fluxes goveming the atmospheric
CO2 concentration. (Bottom) Wiring diagram emphasizing how processes in all

domains interact to modulate the prospect for effective management

FOSSIL FUEL EMISSIONS

;

Y

SINKS

TOTAL DIRECT HUMAN
INDUCED SOURCES AND

A

prescribad fofcing

|GCO version 45302003



The dae of cabon stience and its
obsavetiond  foundaion must be
aufficient to provide robugt inferences
on the didribution of cabon fluxes
and the controlling processes. In part,
this knowledge will be besed upon
exiging or devdoping obsarvaiond
methodologies. For example,  the
terestrid flux due to land-use change
can be edimated from stock changes
(eg., forest to non-forest conversions);
in aher cases, remote observations of
indicators of primary production (eg.
oceen colour) will guide process
and/or phenomena based modds. In-
Stu obsarvaions will provide essentid
cdibration and quantification
information.

Measurements of the amospheric
concentration of carbon dioxide form
an dfective complement to verify
measurements of carbon stock changes
and processlevd activity indicators.
This is because the amosphere is a
rgpid  but incomplete  mixer and
integrator of gpatidly and tempordly
vaying suface fluxes  therefore,
obsavaions of the didribution and
tempord evolution of CO, in the
atmosphere can provide a powerful
gauge of surface fluxes. However, a
present, the network of atmospheric in
stu dations is too sparse to condran
well the patern of sources and snks
the dendty and coverage of the
network could be increased to improve
the flux estimates.

New techniques are urgently required
to fill ggnificant gaps The most
important of these is the sadlite
measurement of the didribution of
globa atmospheric CO,, which is dde
to densdy sample the amosphere and
capture amospheric  CO, gradients
directly over sourcelsnk  regions
Thee globad obsarvations provide the
esentid  independent  condraint  on

modds of surface fluxes and the
underlying Jprocesses. This
complement is the key to answering
criticd questions regarding spatid  and
tempord variability of carbon sources
and dnks, and it forms the crucid
cgpstone of the integrated
obsarvationd drategy.

The ultimate target gpatid resolution
for globd carbon dioxide fluxes is 10
km over land and 50 km over oceans
with tempord resolution of a week.
This can be atained with the expected
ful  Opeaiond  Globd  Cabon
Obsarving Sysem  (Section 4) and
with ggnificant improvements in daa
assmilaion, amospheric transport
modds and in Stu process modeds.
The shorter-teem objective of monthly
fluxes with gpatid resolution of 100
km over land and 500 km over the
oceen should be possble within the
decade (Section 5). Finer gpatid
resolution (10 km), however, might be
atanable in some dgtudions in the
short-terem for mechanidic Sudies and
veificaion of  compliance  with
policies.

In summary, an Operdtiond Globd
Cabon Obsaving Sysem  would
contribute  to  answering  critica
scientific and societd questions. Those
questionsindude:

o Wha ae the dze locaion, and
processes  controlling  present-day
tarestrid and maine cabon
sources and Sinks?

o Wha is the effectiveness of
ddiberate sequedration  activities?
Wha ae the implications for the
globa cabon cyde of thee
activities?

o Wha will be the behaviour of
cabon sources and snks in the
future under higher CO, ad
possbly dteed  patens  of
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climae, land vegeation, and ocean
circulation?

|GCO version 45302003

10



3. The Intern ational Context

The chdlenge of underdanding and
managing the carbon cyde can only be
met through a coordinaed st of
internationdl  ectivites —  research,
obsarvations, and  assessment. All
three ae essatid, tightly linked
activities, which depend upon one
awother to achieve a  ovedl
understanding and knowledge base.

IPCC
ientific As:
Data assimi t|1)n
and produgts/ pjiagnostic

modeling

Links between IGCO
operational observation,
Research planning (GCP) and
assessment (IPCC)

Research. There is an extensve aray
of individuad and netiond carbon cyde
ressarch activities. At the internationd
levd the Internationd Geosphere
Biosphere Programme (IGBP)? the
Internationa Human Dimensons
Progranme on Globd Environmenta
Change (IHDP)? and the World
Climate Research Programme
(WCRPY have recently joined forces
to build an internationd framework for
integrated research on the carbon
cycdle, the Globd Cabon Project
(GCP).” The GCP's three mgjor themes
ae

o Patterns and Variability: the
current geographical and  tempora
digributions of the mgor dores

and fluxes in the globd cabon
cycle.

O Processes, Controls and
Interactions: the  undelying
mechanisms and feedbacks that
control  the dynamics of the carbon
cyde, induding its interactions
with human activities.

o Future Dynamics of the Carbon
Cycle: the range of plausble
trgectories for the dynamics of the
carbon cyde into the future,

The relationship between the
Integrated Globa Carbon Obsarving
theme and the GCP is paticulaly
important, with GCP providing a
framework for modd development and
intercomparison,  advanced  process
Sudies, and research-based
observations and Integrated Globd
Cabon Obsaving theme providing a
drategy and implementation plan for
sysematic, longterm obsarvations of
carbon fluxes, pools and processes.

Observations. Coordinating  key
globad obsarveions needed to improve
understanding of the carbon cycle fdls
under the broad Integrated Globd
Obsarving Strategy (IGOS)® that seeks
to unite the mgor sadlite and surface-
based systems for globd
environmenta  obsarvetions  of  the
amosphere, oceans, and land. The
devdopment and implementation  of
the 1GOS is through a partnership,
IGOS-P, among space agencies, as
represented by the Committee on Earth
Obsarvation Satdlites (CEOS)®  the
Globd Observing Sysems (the Globd
Ocean Observing System (GOOS),*°
the Globd Teredrid  Observing
System  (GTOS)! ad the Globd
Climate Observing System (GCOS)?,
a represented by both  ther
programme offices and their
goonsoring  agencies, and the research
community, a represented by two
major internationd research
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programmes, IGBP and WCRP, under
the sdentific gponsorship of the
Internationd Council  for ~ Science
(ICSU). The sponsoring agencies of
the Integrated Globd  Obsarving
Strategy include severd organisations
of the United Nations the Food and
Agriculture Organisation (FAO), the
Intergovernmental Oceanographic
Commisson (IOC) of the United
Nations Educaiond, Scentific and
Cultura Organisation (UNESCO); the
United Nations Environment
Programme (UNEP) and the World
Meteorologica  Organisation (WMO).
The financid sponsor of the research
progranmes, the Internd Group of
Funding  Agencies  (IGFA), 5
comprised of the nationd research
councils, sdence  foundations and
other ggnificant funding bodies of the
mgor countries involved in globd
change research.

The Integraed  Globd Carbon
Obsarvation theme team has the task
o formulaing, within the 1GOS
context, a drategy for building an
opeaiond globd cabon observing
system, encompassing the ocean, the
land and the atmosphere, and induding
in dtu a wdl as remotey-sensed
obsarvations. Key to this is the ability
to integrate carbon obsarvations from a
wide vaiety of plaforms and
techniques within a coherent modding
framework based on data assmilation
and modetdata fuson methods. The
Integrated Globa Carbon Obsarvation
theme team is cosdy rdaed to and
benefits from the Teredrid Carbon
Observation  (TCO)  initigtive, a
component of GTOS, which has
devdloped an extensive framework and
implementation Srategy for a
comprehensive terrestriad and
amospheric  cabon cycde obsarving
system.

The Strategy for deveoping an
Operationd Globd Carbon

Obsarvation Sysem reds gmilaly
upon a drong base for ocean carbon
obsarvaions and bendfits from the
GOOS report N°118 that provides a
drategy for a globd ocean cabon
observation sysem and its
connectivity to the atmosphere.

Furthermore, ocean carbon survey will
be linked with 10-year repetitive
transects being planned in  cooperation
with CLIVAR. There is adso an
initictive to devdop a Globd Time
Saies  Obsarvatory  Sydem  pilot
proect, condding of a limited set of
muit-disciplinry  dtes is  beng

conddered  **Reference  Needed**.
Fndly, thee is a1 important
technology chdlenge to  devdop

obsarving sysems for in dStu carbon,
such as an inexpendve cabon micro-
sensor to be implemented on ARGO
floats .

In addition to the exiding globascde
but  compatmentdised  observaion
drategies, there ae a number of
importanit  regiond ad  nationd
obsarvation systems and drategies that
will contribute vauable components to
the draegy for devdoping an
Operationd Globd Cabon
Obsarvation Sysem®™ At present,
however, they dill operae in a
fragmentary fashion and ther full
potentid can only be redized through
the devdopment of an internaiondly
integrated observationd  drategy, as
envisoned in Secton 4. All of the
building blocks are described in more
detall in Section 5.

Findly, the draegy is drengthened
through dose collaboration with the
Globd Cabon Progect on the
devdopment of modetdata fuson
methodologies.

Assessment. For the carbon cyde, the
primary assessment  activity  occurs
through the  work of the
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Intergovernmental  Pand on  Climate
Change (IPCC). For example, the
IPCC's Third Assessment Report
(TAR) produced a comprehensve and
wel documented synthess of our
current  understanding of carbon cycle
dynamics. Specid reports of the IPCC
on Emisson Scenarios, on Land Use
Land Use Change and Forestry
activities, and Spedd Guiddines for
sources and dnks reporting have dso
been produced to assess the scientific
bass for carbon sequedration under
the Kyoto Protocol. The IPCC has
launched two additiond assessment
activities related to the carbon cyde a
soecid repot on  Cabon Dioxide
Copture and Storage, due to be
completed in 2005, and a collaborate
effort with the research community to
understand better the mechanisms that
ae leading to the current terrestrid
cabon snk, and the direct and indirect
human influences on this Snk.

|GCO version 45302003
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4. Towards an Operational
Global Carbon Observing

System

The am of this section is to outline
briefly the Globd Cabon Obsaving
Sysdem as it is envissged when it is
operationd, by 2015. Section 5 will
provide more detal as to how this
fully opeaiond sysdem can be huilt
from a combinaion of exiging
components and the development of
new components. Severd aspects of
the evolution to a fully operaiond
system ae important. Firg, the
trangtion from research observations
to operationd observaions
(monitoring) is a criticdl dep for most
components of the Operationd Globd
Cabon Observing Sysem. Second, to
meet its objectives, the Sysem must
integrate operationa obsarvations  with
modds, and snce modd development
and implementation is a primay
responghility of the Globd Carbon
Proect (GCP), cdose collaboration
between the GCP and the observing
sysem is essetid.  Findly, the carbon
cyde is dosy linked to other
biogeochemicd cycdles, to the physcd
cdimae sysgem, to teredrid and
marine ecosysems, and to a range of
human activities. Thus the spectrum
of measurements of relevance to the
cabon cyde is potetidly vast. The
drategy of the Operaiond Globd
Cabon Obsarving Sysgem is to focus
on a core set of operational
observations tha ae centrdly
important for the carbon cycleitsdf.

4.1 Scope and Objectives

The Opeaiond  Globd  Cabon
Obsarving Sysem has two principa
objectives

o To provide  the long-term
obsarvations required to improve

underganding of the present date
and future behaviour of the globd
cabon cyde paticulaly the
factors that contro the globd
atmospheric CO, levd.

o To monitor and asess the
effectiveness of carbon
Sequediration and/or emisson
reduction  adivies on  gobd
amospheric CO; levds induding
dtribution of sources and sinks by
region and sector.

The fird objective has both basc
resserch and policy components, while
the second is amed & providing policy
mekers  with  direct and usegble
infoomation in  the context of
international  negotigtions to  regulate
greenhouse gas emissons.

By combining rdidble ad wdl-
cdibrated measurements with redigtic
modds of the maine and teredrid
carbon cyde one may infer, by means
of inves modding ad dda
assmilation, condraints on the fluxes
of CO, between the Earth's surface and
the amosphere and thus address both
objectives. This integration of modds
and data requires establishment of both
data reguirements and  moddling-
assmilation drategies

4.1.1 Data Requirements for

Integration

Wadl-founded data requirements must
be etdalished to provide a raionde

for new measurements, the
devdlopment of new technologies and
advanced dgorithms, data
harmonisation, archiving and

digribution. Until now, the mgority of
cabon obsarvatiions have been talored
for research purposes, supported by
research  funding  agencies  ad
implemented mainly through nationd
research  programmes.  This  globak
scde ressarch  effort will now be

|GCO version 45302003 14



coordingted  interndtiondly by  the
Globd Cabon Proect. The chdlenge
is to move towards a more focused,
systematic sytem for  monitoring
cabon souces, snks and processss,
built aound a backbone of core
operationd  obsarvaions desgned to
meet the Globa Cabon Observing
System objectives. Although research
generated obsarvaions will continue to
be important, the most urgent priority
is to implement, expand and enhance
the ocoe st of operationd
observations. A summay of the
required observaion system is given in
the boxes in this section, dassfied into
core and anxillay obsavations A
Roadmap  for achieving  these
observationsis presented in Section 5.

4.1.2 Modelling Strategies for
Integration.

Modds vdidated by rigorous tests and
supported by obsarvations are a critica
dement for synthessng the spectrum
of cabon observaions, as dready
clearly recognised by the GCP, TCO
and GOOS.

Modds can assmilate a wide range of
routine obsavations, dlow the use of
imperfect or proxy messurements, help
fill ggs in time or in regons of
incomplete coverage, and provide a
quantification of errors. A summary of
modd types and applications is given
in Section 9. Modds further enable us
to invet obsarvaions into the desred
cabon cyde quantities such as
aurface sources and snks or  key
driving paramgters tha may not be
directly measurable or ae
unobsarvable & a paticular scde In
addition, modds can encompass the
wide range of gpaiad and tempord
scaes needed to quantify carbon pools
and fluxes they thus provide an
efficent meens for optimisng the
design of cos-effective observationd
drategies.

The current chalenge is to gply a
multiple  condraint  gpproach  using
dae of the at carbon modes coupled
to dimae modds, assmilaing both in
gtu  measurements and  remotely
sensad information. As an  example,
the operationd oceanography
community (via GODAE) have
launched in the last decade a suite of
globd obsarving ingruments in Space,
induding dtimetry, and to sample
intermediste and deep waters, ae
launching up to 3000 ARGO
autonomous profilers. In pardld, data
assmilagion sthemes have  been
devel oped, aming towads an
operationd system in 2005 a globd
and regiond sdes This kind - of
goproach thet provides both
nowcasting (red-time andyss) and
hindcagting (decadd reandyss) must
be envisoned for the carbon-dimae
system.

A mgor research focus of the Globd
Carbon Project is to cary this concept
fowad in order to underdand and
interpret the present behaviour of the
cabon cyde to smulae future CO,
levds and, ultimady, to contribute to
the proections of future dimate
change The «chdlenge for the
Operdtiond Globd Cabon Obsarving
Strategy is to redize the high qudity,
congget, long-teem data to support
the modds, while mantaining enough
flexibility to repond to new
observationa chdlenges S
undersanding  of carbon cyde
dynamics evolves. Key isues for
integrating sysemdic carbon
observdions in modds ae presented
in Section 6.

4.2 The Operational Global Carbon
Observing System

The Opeationd  Globd  Carbon
Obsarving System needed to address
the dud scentific and policy-rdevant
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objectives daed above depends on
both the ressach and operaiond
agencies. It is desgned primaily to
monitor fluxes to the atmosphere, and
within carbon reservoirs, and pools of
cabon on a longterm bass and to
contribute  to the observationd base
needed to underdand the dynamic
processes that control the carbon cyde
It focuses on longterm operationd
messurements, while aming to build
the patnerships needed to engage
research-based observationd  networks
and models gppropriate for data
assmilation.
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4.2.1 Fluxes: Magnitudes and
Distributions

The  highet  prioity for  the
Operdtiond Globd Carbon Obsarving
Sydem is to generate globd, high
resolution maps of the CO, fluxes
between the Earth's surface and the
amosphere. The fundamentd
components of ay cabon flux
measuring sysem must be in Stu and
Space-based atmospheric
measurements  of the  CO,
digribution, as the amosphere directly
reflects the human perturbation  of
cabon cyde dynamics (primaily the
combustion of fossl fud and land-use
change) and is a sendtive indicaor of
the exchange of carbon between the
amosphere and the oceans and land.
Saelite measurements of atmospheric
CO, digribution will be integrated
with in Stu surface measurements
(eg, ocen dissolved and maine
boundary layer pCO2, eddy covariance
measurements of ecosystem-
amosphere fluxes), scded up using
gopropriste  remote sendng daa  of
suface  propetties  with  globd
coverage. The surface data will be
admilaed  within  a  moddling
framework o used to cdibrae or
vdidate the remotely -sensed
observations of amospheic  CO;
didribuion. The remotdy  sensed
amospheric  obsarvations that ae
foreeen will have a spaid resolution
of 10 km or finer and near repest
intervd of one week or less (for a
typicd polar orbit, this is obvioudy
latitude dependent).

Combined together, in  dStu  flux
measurements, remote sensing  data
streams, including Space-based
amospheric  measurements of CO,,
and modd andyss will ddiver by
2015 dgobd flux ddgribution a a

oatid reolution of 10 km over land
and 50 km over the oceans and a

Box 1

Determining carbon
fluxes between the atmosphere
and the Earth's surface

Observations toolbox
CoreObservations

o Atmospheric column CO;
concentration  measured  from
sadlites  with  ground-basec
qudity control

o Atmospheric CO2 concentration
measured from in situ networks,
induding arborne

o Landamosphere CO,  flux
messured via eddy covariance

flux networks coveing  dl
ecosystems/ regions

o Badn-scde obsavaions of the
ar-sea flux (ocean pCO,) from
ship-based measurements,
drifters and time series as wel
as vaiables needed to cdculate
fluxes (eg., SST, wind)

Ancillary Observations

o Globd, synoptic sadlite
observdions  to extrgpolate
point-wise in Stu daa to larger
scaes

Modelling toolbox

o Top-down amospheric transport
moddes to invet fluxes from
concentrations

o Bottom-up oceen and land
cabon modds both diagnogtic
and prognogic, to integrate
space-borneand in situ daa into
globd flux products

tempord sampling of about a week.
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The flux observation components of
the Sysem are given in Box 1.

For in Stu measurements over land,
high gatid and tempord resolution is
required to account for  the
heterogendgty in land cover and to
connect land management practices
(eg., faming, forestry) to the
exchange of CO; with the atmosphere.
Eddy Covariance techniques now
dlow ocontinuous monitaring of CO;
fluxes over vegdaion —canopies
Teredrid fluxes and ther vaiability
must be connected to weather patterns
and biologicd processes  Tempord
resolution of a week or S0 is sufficient
to capture the vaidbility in terredrid
fluxes driven by changing weather
patterns (eg., the effect of frost or
drought on forests).

Over the oceans, CO, fluxes must be
firmy rdaed to physcd and
biologicd parameters (see  Section
4.2.3) in order to mep fluxes correctly.
Obsarvations of surface pCO, a
goproximatdy  monthly  intervas  over
basn scdes ae required to make
edimaes of ar-sea fluxes The
Operdtiond Globd Carbon Obsarving
System must dso accommodae the
donificant variadlity of the fluxes in
aess like the coagd magins and
eduaries, where lage gradients in
waer propaties and  productivity
occur. This requires that the System
must have the cgpability to support
sampling a higher gatid and
tempord reolutions, and to incdude
ancllaay  observdions that  inform
about undelying processes. The
Operationd Globd Cabon Obsarving
Sysem mugt dso provide estimates of
horizontd, sometimes cdled laed,
fluxes, even if these do not imply any
net loss or gan to the amosphere
Lateral fluxes indude cabon
trangoort by erodon, river trangport,
and wood and food product trade (see
Section 5.3).

Findly, the Operationd Globad Carbon
Obsarving Sysem must be able to
detect improbable but potentidly large
cabon fluxes, such as CO, or CH,4
from dedabilization of permafrost
aess or hydrates a the continenta
delf magins. For the later,
collaboretion  with  the  proposed
observing sysem for amospheric
chemigry (eg., IGACO) is essentid.

Modds ae required to extrgpolate
from locd flux messurements to
globa flux maps (see Box 1). Two
types of modd ae paticualy
important: i) amospheric  trangport
modes ae required to  invert
amospheric  obsarvations of  CO:2
digribution into flux fidds and i)
cabon cycle modds ae required to
assmilate the wide range of in Situ
obsarvations of fluxes and ancllary
measurements.

It is important to recognize that none
of the  wurface  flux-measuring
components of the Operationd Globd
Cabon Obsarving System currently
exig in the operaiond dHate. The
bigget chdlenges in building this
component of the System over the next
15 years are therefore i) to develop and
deploy the technologies that enadle
remote sensng from space, surface
and arcraft of column amospheric
CO2 concentration and ii) to expand
and enhance both the current in sSitu
flux messuring research networks and
transform them to operationd systems.

4.2.2 Pools: Magnitudes, Distributions
and Changes

In  addition to mapping surfece-
amosphere  fluxes, the Operaiond
Globd Cabon Obsarving Sysgem will
determine changes in the didribution
and megnitudes of key cabon pools
and ther evolution over time (Box 2).
Meesuring changes in  cabon  pool
Szes requires a tempord sampling
period much longer than tha required
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for  fluxes Indeed, given the
heterogeneous nature of most carbon
pools and the fact that anthropogenic
perturbations ae gengdly much
gndler than the totd carbon dore,
only changes over severd years can
normally be detected.

Ove land, the Operationd Globd
Cabon Observing Sysem will make
repest measurements (5-year intervas)
of @ove-ground biomass in sample
plots in dl mgor foret biomes
induding  both unmanaged  ad
managed forests in the tropics, the
temperate and bored Zones.
Accounting for the fate of carbon in
wood products is necessty to close
the budget of biomass invertories. The
drategy is to collaborate with nationd
fores inventory progranmes, the
primary chdlenge is to harmonise the
data from various countries, to adgpt
them for cabon cyde sudies and to
report them in a trangpaent and
verifisble manner to fam an interndly
consgent globa datasst for cabon
accounting  purposes and  other
scientific sudies. Space-based
measurements of biomass ae dso
highly  desrable the;e  depend
criticaly on development and
deployment of sadlite lidas (eg.
Vegetation Canopy Lida) and the
gopropricie radar  sysems  (long
wavelength radars and/or polarimetric
interferometry).

Smilaly,  soil carbon  survey
programmes, deveoped in  synergy
with plant biomass inventories,  will
detect long term changes (each 510
years or 0 depending on locd gpaid
variability) in cabon accumulaion in
s0il horizons. However, given the huge
heterogeneity of soil carbon
digributions, numerous sampling Stes
aound the world will be needed to
detect Sgnificant changesin pool Sze,

Over the main ocean badns, measuring
the ocean dissolved carbon pod

goproximatey every five to ten years
will be aufficient to corroborate
independently the ar-sea flux mapping
efforts Determination of carbon pool
gzes is of specid interest for particar
oceanic domains, such as the deep-
water production aess in the North
Atlantic and the Southern Oceen.
Exiding multi-tracer techniques  will
be refined to correctly edimae the
invadon of the excess of amospheric
CO; into the ocean agang the high
background of nawd  disolved
inorganic  cabon.  The  potentid
GEOTRACES (**Need web gte**)
program would address well the in
gtu  ocean cabon  measurement
requirements.
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Box 2 : Monitoring carbon pools
and pool changes

Observation toolbox

Core Observations

o Forest bhiomass inventories over
dl forest biomes

o Sail carbon inventories

Basn-scde in situ measurements of
disolved and paticulade organic
and inorganic carbon the ocean
with  ful column sampling of
carbon system parameters

Ancillary Observations

o Cabon dorage in the sediments
of resarvairs, lakes

o Cabon dorage in anthropogenic
pools, primarily wood products

o Sediment tragp and seafloor
dudies, with a specid emphagis
on coastd sediments

Modeling toolbox

0 Carbon process models that
indude trandfer and cyclinginto
fad. intermediate and dow

Findly, ancillay obsavations will be
made of cabon dorage in reservoirs
and lakes and in carbon product pools
(both wood products and food
products incuding their  processng
and digplacement in trade sydems,
dorage due to charcod formation, and
sorage in the degp sediments in the
oceans. In  paticular, better
messurements of the amount of carbon
buried in coastd sadiments will be
obtained to improve edimaes of the
amount of carbon exported to the deep
ocean viarivers.

The pool measurements undertaken by
the Opeaiond  Globd  Cabon
Obsarving Sysem  will endble  key
fluxes among sub-podls internal to
eech resrvoir to be measured, in
addition to the fluxes between the
suface and the amosphere. In
partticular, processes which transfer
cabon from fast pools in contact with
the atmosphere (eg. the ocean mixed

layer, leaves) to pools of longer

turnover times (eg., ocean
intermediate waters, trunks and litter)
need to be monitored closdly.

Of the core measurements for carbon
pools outlined &ove, only foret
biomess inventories (and in  some
caxs il surveys) currently exig as
operationa sysems, but not with the
purpose to evduae cabon dSorage
rather commercid values of trees (or
il eroson and fetility). However,
these ae entirdy naiondly based, 0
the harmonisation of exiging data and
the dandardisation of methodologies is
a centrd issue All  other poal
messurements exis only in research
mode, and condderdble  further
devdopment is required before they
can be induded in hindcading, re-
andyss, or cabon budget Sudies in
the context of an operatioral system.

4.2.3 Linking fluxes to processes by
observations

One of the three mgor themes of the
Globd Cabon Project is to deveop a
better understanding of the processes
that drive the dynamics of the carbon
cycde.  Improvement of process-based
carbon cycle modds is a key dement
in the GCP drategy. Because modes
are developed and tested on the basis
of measurements of cabon cycle
behaviour, process rdevant
observations are an important part of
the drategy. For example, observed
flux patterns give vitd information on
underlying  fundamenta processes

|GCO version 45302003 20



(eg, ar-sea gas exchange, primary
productivity of the ocean and land,
photosynthesis, respiration, fossl  fud
emissons, biomass burning).

Nearly dl of the measurements used in
modd development lie in the research
domain and will reman so for the
foreseegble future. However, two
obsarvations ae egpecidly important,
both to esimae fluxes and to inform
about the undelying processes, and
thus are recommended to become core
obsarvations in the  operaiond
domain.  Frd, land-cover change is
responsble for ggnificant emissons of
CO: evay year, usudly esimated to
be in the range 15 - 20 Gt C yt
Routine obsarvetions of  land-cover
change, with globd coverage a a
resolution of a leet 1 km. globdly,
will condrain this important flux much
better and will dso provide indghts as
to the drivers of the observed changes.
Second, ecologicd disturbances  often
leed to event-rdated, large emissons
of CO, and other carbon compounds.
Globdly, the most important
disturbance is fire, a source of 24 GtC
ylpatly offset by ecosystem regrowth
after  burning. Remote sensng
technologies now dlow the monitoring
of fire didribuion and extent of
burned aress, such measurements are
recommended to  become  core
obsarvations in the Operationd Globd
Carbon Observing System.
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Box 3. Linking fluxes to major processes :

Observation toolbox
Core Observations

Monitoring land-cover change disturbances from space
Monitoring of fire disturbances from space

Monitoring other disturbances affecting ecosystem condiition (insects, harves,
windstorms)

Ancillary Observations

Co-sampling of parameters related to processes at eddy flux towers (e.g. soil
moisture, nutrients, respiration terms, phenology)

Co-sampling of parameters related to processes from ship-based measurements,
drifters and time series (e.g. ecosystem variables, pigments, nutrients)

Space observations reated to processes driving CO; fluxes. For instance,

Ocean colour measurements

Climate and weather data, including precipitation

Soil moisture content

Leaf Area Index and related vegetation biophysical properties
In situ observation related to processes

Soil characteristics

Phenology of terrestrial vegetation

Nutrient distributions (ocean and land)

Species composition of ecosystems

Atmospheric tracers to separate ocean and terrestriad sources, fossil fue and
biomass burning (O2N2 ; **C-CO> ; CO ; aerosols).

Non-CO: toolbox

Space observations of wetlands extent for CH4 naturd fluxes
Obsarvation of non-CO, respiration fluxes over ecosystems (BVOCs, CH4...)

Bottom-up ocean and land carbon processbased flux modds to reate fluxes to
processes

A lage number of ancillary process
rdlevant measurements (Box 3) are
important for the devdopment of
cabon cycle modds. Some of these
will remain as research observations
and thus within the doman of the
Globd Cabon Project; others will be
made as pat of other observetiond
sysems, for example, meteorologica

obsarvations of the physcd dimate
sysem. Thus, it is important that the
Operationd Globa Carbon Obsaving
Sydgem mantan a dose collaboration
with the GCP, with nationa research
progranmes, and develop partnerships
with other observation sysems (eg.,
ciimate, biodiversty, amospheric
chemidry).
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Canadian Direct Carbon Emissions
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Comparison of fossil fuel CO, emissions and fire induced CO; emissions of

Canada shows the importance of biomass burning in regional carbon
budgets

Many of the ancillay measurements
will  be cosampled with the
operationd flux messurements (eg., as
part of research programmes
asociated with the eddy-flux network
or as pat of shipboard measurements
on research cruises).  Severd are now
routindy measured from space-based
plaforms and ae included in other
obsarvation sysems, for example
messurement  of ocean colour is
included as a component of the Oceans
Theme of IGOS-P.

The ancllay measurements d0
include obsarvations needed to
determine the net carbon bdance of

ecosystems, such as knowledge of
emissons of nonCO, cabon gases
such as CH4 CO, and Non-Methane
Hydrocarbons (NMHC).
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5. The Challenge to Realizing the
Global Carbon Observing

System

Figure 5. Airplane of AN-2 type
used to sample vertical profiles of
CO2 in the lowest atmosphere
over Central Siberia

The current sysem components ae
reviewed in Section 51 by Eath
Sydem doman (atmosphere, land,
ocean), and Section 52 presents
recommendations for expanded
obsarvationd  capabilities.  For  the
amosphere, there is a paticular
emphass on a new spacebasd
messurement instrument.  This domain
gpproach reflects  the current
organizetion of mog of the exiding
methodologies as wdl as the research
and observationa communities.
However, the Straiegy for redizing an
Operationd Globa Carbon Obsarving
Sysem will shift this exising domain-
orientation to a dructure based on flux,
poo and processrdaed observations
(Section 4).

5.1 Identify the Building Blocks

Building the Globa Carbon Observing
Sysem outlined in Section 4 reguires a
pragmétic Strategy based upon exiging
observation systems 0 far as possble
Identification of fundamenta exiding
components have been caried out
respectivdly by TCO for terrestrid and
amospheric  measurements and by
GOOS for ocean measurements (see

Section  9). These sysems and
networks provide the building blocks
from which an Operationd Globd
Cabon Obsarving Sysem can be
developed. However, a present they
ae manly research tools and cannot

be conddered operationd. These
obsarvetions need sgnificant
enhancement, extenson, and
optimization.

5.1.1 Existing Atmospheric
Observations

The amosphere is a fast but
incomplete mixer and integrator  of
soatidly and tempodly  vaying
arface fluxes, and 0 the didribution
and tempord evolution of CO, in the
amosphere can be used to quantify
aurface fluxes, usng numericad modds
of amospheric trangmort. This process
is known as invese moddling.
Rdevant  amospheric  observations
dso incdude cabon trecers and other
tracers indirectly useful for carbon
studies. Carbon tracers *C-CO,, *fO-
CO, ad OzN; ddiver gedfic
condraints to separate terredrid from
marine fluxes. Other tracers, such as
inert gas SFs, or CoCls and *Rn, are
used to evduate amospheric trangport
parametrisations in models.  Tracers
relaed to combustion CO and black
cabon, or surrogaes of fossl fud
emissons CO, are used to condrain
biomess bumning ad fossl  fud
emissons. In addition, informaion on
the dynamicd dructure of the
amosphere is necessxry to interpret
concentration measurements.

The exising components of
atmaospheric carbon observations are:

o Hask sampling neworks induding
about 100 dtes globdly with
wekly sampling frequency.” In
most cases, multiple species ae
determined from flask ar samples
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(e.g., 13C-COz, 180-002, OzINz,
CHa, N2O, Sk, CO).

o Continuous sations of in situ CO,
monitoring, including sved
marine amosphere basdine
dations (eg, Mauna Loa),
mountain  dations ad  more
recently severd tdl towers in the
interior of continents. About 10 of
the in dtu CO, dations out of a
totd of 20 around the globe have
long records spanning over the past
20 years.

o Aircaft veticd profiles a about

=]

(Top) Map of Global air
sampling network in 1980
(Bottom) Map of near future
Global air sampling network

B

10 gdtes aound the globe (eg.,
North America, Europe, Siberia
South  Pecific)  which  deliver
information on the vaticd
dructure of trecers, redlated to
source digributions of CO, and to

amogspheric mixing.

o Cdibration and inter-comparison
activities. International  exchange
of gandard samples is coordinated

intenctiondly by the Globd
Atmosphere Watch Programme of
the WMO for CO, and by the
Internationd Atomic Energy
Agency for isotopes In padld,
there ae severd ongoing inter-
comparison  projects among the
mgor ar sampling networks (eg.,
through common sampling a the
samelocation).

5.1.2 Existing Terrestrial Observations

The  current  terretrid carbon
observation base is made up of in situ
ecologicd measurements  that ae
generdly labour inensgve  ad
expensve (eg., net primary
productivity, biomass or soil carbon),
flux measurements by the eddy-
covaiance technique, completed by
amospheric  CO, concentration &
continental locations (eg. tal towers,
arcraft), and remote sendng data and
products.

In  addition, we have patd
information on nutrients, dimate, ol
moisure and radiation, and on some
disurbances (eg., globad maps of
burned areas and fire hotgpots from
satdlite).
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World-wide distribution of eddy
covariance towers measuring
CO2, water vapour and energy
fluxes. 10 years ago, only 5
such towers were operating

The exiding components of today's
terrestrid carbon observetions are;

o Eddy covaiance flux neworks
(about 100 towers, manly over
forests) ®

O Foret biomass inventories that
exig for most developed countries
indude a vey lage number o
sanpling  locations,  but  many
forex biomes have litle or no
inventory data.*®

o Sol surveys which exig a
regiond, nationd and globd scde
however, ther utility for carbon
dudies and  paticulaly  for
edimaes of change in cabon
stocksis open to question.”
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o Networks and transects  for
ecologica Sudies and
phenologicd observations

o Sadlite Remote Sensng (land
cover and land cover changes
induced by land use practices
vegetaion phenology ad
biophyscd properties, fires,
radiaion).

Space artiilmecoveragef exi sting carbon obsaretiwgrks

. terrestrial
time

Forest *

Inventories
Soil carbort
decaddl ~ .

Ecological | —
Remote sensing atrystation
Flux <
ower:

sitestudies

aaaaaaa

Figure 3. Spatial and temporal
coverage of existing terrestrial
carbon observations

full wae column sampling of
cabon sysem parameters. At
present there are surveys on a 510
years time scae since WOCE (the
World Ocean Circuletion
Experiment).

Moored and shipboard time series
messurements of the ocean carbon
cycdle components. In  addition,
ome ddions incdude sediment
trgps and seafloor dudies to
invedtigete the trandfer of carbon
from the surface waters to deeper
ad longer-term storage
compartments in the ocean. There
ae presently aout 30 time series
dations messuring cabon  cycle
variables

Sadlite  remote sendng  of
parameters rdaed to carbon fluxes
(eg., surface winds, sea surface

5.1.3 Existing Ocean Observations

The exiging components of an ocean
carbon cycle obsarving sysem are:

o Badn-scde surface observations of
amospheric and oceanic pCO, and
rlated parameters on  research
ships and Ships of Opportunity.
Regiond daassts have been
collected for the North Pacific,
North  Atlantic and equetorid
Pecific. Globad data products of
monthly ar-sea flux maps have
been generated using the avalable
pCO, data *®

o Large-scde ocean inventories from
hydrographic  survey cruises  with

(Top) map of existing coverage
of ocean repeated inventories
(Bottom) map of ocean pCO2
surveys on Ships of Opportunity,
moored points.

temperature, ocean colour) as well
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& key auxiliay data such as
dtimetry.
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o Coagd Zone time series dations
on the continental shelf measuring
cabon system varigbles as pat of
nationd  research  programmes.
Many of these are part of LOICZ
(Land-Ocean Interactions in the
Coagtd Zone research project of
the IGBP) but are not sufficiently
coordinated a the internationd
level in terms of an operaiond
observation network. ™

Space and time coverage of ocean carbon observing net
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Figure 4. Spatial and temporal
coverage of existing ocean

observations

5.2 The Major New Elements in the
Global Carbon Observing Strategy

One centrd theme of the Operationd
Globd Cabon Obsarving Straegy is
the integration of satelite observations
with key in Situ measurements.

Sadlite sensors measure  scattered,
reflected or emitted eectromagnetic
radiation that carries information about
surface or amospheric characterigtics.
Once cdibrated, these measurements
can be trandformed into carbon cycle
variables. Researchers  in vaious
progranmes and  countries  have
devdoped accurate and  robust
dgorithms.  Coordinated  internationd
activities have been undetaken with

the sponsorship of organisations such
as WCRP, IGBP, CEOS and national
goace agencies. While much progress
has been achieved, this process needs
to continue with vigour.

In linking messurements to modds, a
choice exigs a to whether future
cabon cyde daa modds should
assmilate carbon cycde varigbles or be
fitted with radiative transfer codes to
directly assmilate radiances measured
by spaceborne sensors. It appears that
the later gpproach could be better
adapted as a means of retrieving fluxes
from future sadlite CO, obsarvaions
and could be extended to assmilation
of oceen ocoloor and vegetation
reflectances.

The Opeaiond Globd  Cabon
Obsarving System must:

o Support the devdopment and
testing of the required dgorithms
and thar modficaion over time
for new sensors. The overdl am
shoud be to acquire ad
implement community  consensus
dgorithms,

o Support the assmilaion of sadlite
radiances (level 1 data products)
usng, if necessary, date-of-the-art
Numericd  Weather  Prediction
models.

The lig of sadlite observetions that
would form the backbone of the
Globd Cabon Observing Sysem is
summarized in Section 9, ad is basd
on a synthess of the TCO and GOOS
reports ** add web citest*.
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The following four subsections firg
highlignt new sadlite technologies
for amospheric CO,, ad the
subsequent  three sections describe the
chdlenges in  enhancng, extending,
and optimizing the exiding research
based observing systems in each
doman into operationd components of
the Globad Carbon Observing System.

5.2.1 Space-based Measurement of
Atmospheric CO;

Space-based high-precison
messurements  of the  column
integrated CO2 molecular density with
globd, frequent, coverage would be of
extreordinry  and unique vdue in
determining  terrestrid  and  oceanic
CO; fluxes By linking the gpatid
digributions of CO, with amospheric
flux inverdons, daa asImilaion
techniques, and coupled amospheric,
terestrid and ocean carbon modding
(Section 6), the scientific community
will be able to determine sources and
dnks of CO, a unprecedented space
and time resolution. In addition, this
measurement stream will have vdue in
its  independence  from  in-gStu
measurements or  “bottom-up”  modet
derived estimates of CO» flux.

The amospheric inverson approach
exploits the amospheric gradients in
COz, which are drongest in the lower
pat of the atmosphere. In a very red
s*nse, the flux retrievd accurecy is a
function of predson ad sample
dendty of measured totd column CO..
The measurements need to be a the
0.3% (1 ppm) precision or better for
dgnificant  improvements  in our
knowledge of sources and sSnks.

Two spectrd domains are usable the
longwave infrared and the short-wave

infrared. Each has advantages and
disadvantages.

Usng exiding messurements in the
log-wave from the HIRS-2Z/AMSU
indruments on the NOAA polar
satdlite series, which were not initidly
designed for CO, rerievd, vey
promisng results have been obtained,
producing four years of monthly
retrievals at 15° spatid resolution of
the CO; concentration over the tropics
(20°N-20°S) that show good agreement
with what is presently known from
aircraft  instruments®.  Method-induced
error of these retrievas is of the order
of 34ppm (around 1%). There is
promise tha additiond advances will
be achieved by exploiting new long-
wave indruments that have been

recently launched, such & the
Atmospheric IrfraRed Sounder
(AIRS) - Advanced Microwave

Sounding Unit (AMSU-A) package
or that will soon be launched, such as
the IASI/AMSU?  site.  The
AIRSAMSU and IASI/AMSU, as
wel as the planned CriS® have the
advantage over HIRS-2IMSU  of
having a much higher spectrd
resolution, which dlows isolation of a
larger st of more specificdly sengtive
COxchannds from the intefering
water  vapour and  temperaiure
sgnds® A precison on the order of
05% a a gspacetime sde of
100km/weekly is envissged. These
ingruments ae not being launched
with the measurement of amospheric
CO, concentration as ther focus
however, ther cgpabilities  will
improve our &ility to monitor CO;
and other trace gases from space.

The disadvantege is that the long-wave
measurements tend to capture mogtly
the upper pat of the troposphere,
where the sgnd of surface sources and
gnks is of smdler maegnitude (except
in the tropics) and hence the gradient
iswesk.
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CO2 monthly mean concentration maps as retrieved from NOAA-10, at the
resolution of 15°x15° (1°x1° moving average), for four months corresponding
to the minimum (October), maximum (April), or to intermediate values
(January and July) of the northern hemisphere CO, seasonal cycle.
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Figure 7. Modeled uncertainty reduction on surface fluxes as delivered by
space-borne CO2 measurements on AIRS (Top) in LWIR and SCIAMACHY
(Bottom) in the SWIR spectral domain

Usng the short-wave infrared sgnd
has the advantage of penetrating the
amosphere down to the ground.
Retrievad of CO, from SCIAMACHY
on ENVISAT is underway, usng both
aunglint and nadir measurements (the
laer over land) of the ingrument but
amospheric  diffusars such as douds
and agrosol paticdes are an important
source of contamingtion, and, given
the 50 km fidd of view of
SCIAMACHY, may yied to high daa
rejection.

Nevertheess, given the lead time for
devdoping the  required  sensor
technology, better use of exiging
LNOrs should be pursued
concurrently®.

On the 2007 horizon, the Orhiting
Carbon Observatory (OCO - NASA)
will use measurements of reflected
aunlight in the shortwave infrared to
provide globd, high-precison

measurements  of  the  column-
integrated CO, mixing raio. For the
two vyear OCO misson, the
messurement  objective  is  daytime
column integrd measurements of CO,
with a precison of 0.3% (1 ppm). This
precison is needed to characterize
CO, sources and dnks  The
obsarvaory  will  cary three  high-
resolution spectrometers, one for O»
and two for CO, (16 and 206 pm
respectively). It will save a a
pahfinder for future longterm CO2
monitoring missons.

The Greenhouse gas Observing
Sadlite (GOSAT - NASDA) is d0
being planned for launch around 2007,
with ams to obsave CO» dgobd
digribution, usng ethe long-wave
infrared or  short-wave  infrared
sgnds.

Reeching this ambitious god will
require a better characterization of
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spectroscopic  coefficients as wel as
effects of pressure, water, dudt,
tropopause  location, and  other
amospheric  condituents.  In that
repect, the use and deveopment of
goundbased solar  obsarvaiories  is
urged for CO. to chaacterize the
ultimate accuracy of the near IR
absorption  technique. Such a  ground
based column CO, network will dso
provide a unigue control for any space
based CO, misson. Complementary,
uface or arborne lidar, used for
photochemidry, should be improved to
remotely capture CO, verticd dructure
and give ingght on edimaed CO;
column bies.

This passve COg-focused instrument
is a logicd next gep that builds upon
the results from AIRSAMSU and
other Spectrometers and
interferometers. It does,  however,
share some of their drawbacks. It may
not sufficiently resolve the lower part
of the amosphere, and there is an
inherent  ingbility to sample low-light
regions.
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(a) Artist illustration of the OCO spacecraft orbiting the Earth in Nadir
Sounding mode. (b) Landsat image of Hilo Bay, Hawaii illustrating the
OCO spatial sampling approach. Ten 1-km wide cross-track samples are
collected in each of the three wavelengths at 4.5 Hz along the orbit track.

This could inject a bias into the
infered fluxes snce there will be a
systemic sampling of
photosyntheticaly active
tempora/regiond conditions (eg., day
vesus night, lack of high latitude
samplesin the latefal to early oring).

The appropriate next sep after OCO is
an active mission that focuses upon the
measurement of column CO, without
diund, sesond, laitudind,  or
surface redrictions. This misson could
be accomplished with the
measurement  technique based ypon
Laser Absorption Spectroscopy
(LAS),® which is a powerful tool for
high-precison trace gas Spectroscopy.
LAS provides measurements of CO,
via measurements of received power at
waveengths on and off an absorption
line

LAS diffe’s from  Dlifferentia
Absorption LIDAR (DIAL) in that
DIAL operaes in a pulsed mode,
which is not required for column
measurement.? This citicd distinction
endbles exploitation of investment by
the commercid tdecom industry that
have produced highly rdiadle multi-
wait fibre amplifier product
**Hx** adjudable lines thet
fortuitoudy operate through a st of
cdean, wdl-isolaed CO, absorption
lines

In padld to dgorithm development
and new  spaceborne  sensors,

& Determining the atmospheric profile globaly
of cabon dioxide would be of dgnificant
velue, but it dso presnts a vey high
technologicd hurdle and would reguire a very
significant investment.
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vdidaion and cdibraion of space
based CO, measurements by enhanced
in situ observations mugt dso be built
into the Obsarving System. Aircraft or
bdloon verticd soundings must  be
caried out up to the dratosphere for
sysematic comparison  with remotely-
sensed column CO, from space, in
synergy with network of ground based
upward-looking remote sensng CO,
dations. Efforts should be made to
coordinete internationd sadlite
obsarvation sysem projects being
plaoned in US Jgpan, Europe and
other countries.

5.2.2 Challenges in enhancing,
extending and optimizing the in
situ atmospheric observing
system

The firg chdlenge in redizing the in
stu  amospheric component of the
Operationd Globd Carbon Obsarving
Sydem is to build and dabilize ste
networks that ae densr and more
spatidly representative of the
variability in fluxes. Especidly urgent
ae
o Expandon of networks over the
interior of continents (e.g., Africa,
Sberiaz, Amazon) where the
variability of ources and
amospheric transport imposes  the
need for a much higher sampling
dendty than currently achieved.
This expandon may require a
range of plaforms  induding
mountain  dations, tal  towers,
tehered  bdloons and  high
frequency arcraft measurements
(possbly on commercid arcraft
flights).

o Deveopment of multiple
chemical-gpecies andysis in flak
ar samples  induding  high
precison andyss of tracers (eg.,
O2Nz2, Ar/N2).

O Improvement of amospheric tracer
trangport modds and  inverse
methods towards higher  patid
resolution as well as towards better
ue of prior informaion on the
geographic  patterns  of  the  fluxes
(eg., fossl emissons).

o Deveopment of robust remotely-
operated  continuous  andyzers
with  an  acceptable  trade-off
between  logidicd  independence
and precison, is needed.

o Devdopment of column CO;
opticd sensors in prepardion  of
future satellite CO; observations.

o Continuation of intercomparison
and cdibration activities under the
WMO-GAW programme.

A second chdlenge is to implement
these amospheric observations
synergidicdly  with  obsarvations  on
the surface and subsurface, both on
land and in the ocean (eg., on top of
eddy covaiance towers or onboard
ships of opportunity), and to indude
ancillay obsarvation of ecosysem
condition.  Atmospheric measurements
need to be integrated with surface daa
into a dnde, intendly conagent,
coherent drategy. For ingtance, tall
towers for amospheric  observations
should best be located within denser
regiond networks of eddy flux
measurements, ecologica  sudies, and
remote senang information.

5.2.3 Challenges in enhancing,
extending and optimizing the
terrestrial observing system

The core observations reguired in the
terrestrid  domain of the Operationd
Globd Cabon Obsarving System will
be built by expanding and enhancing
exiging components rather than by
intraducing new components.
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The core obsavations identified in
Section 4 must be transferred to the
operaiond doman over the coming
decade. These ae (i) the eddy
covariance flux networks (ii) forest
biomass inventories, (i) ol carbon
surveys, and (v) remote sensng of
landcover change and of fire
frequency and extent.

Eddy Covariance Flux Network.
What is of grest importance is to
ensure  the continuity of exiging
measurements of eddy covariance
ecosystem fluxes for a leest 10 years
a eech dte; to expand the network in
under-sampled regions and ecosystems
undergoing disturbances, develop red
time data transfer, and to enhance data
qudity insurance procedures.  Also,
cdibrated CO, concentration
measurements should be added on top
of suitable flux towers to complement
atmaospheric networks.

Forest Biomass Inventories. Forest
biomass inventories are important for
monitoring changes in  the dbove
ground teredrid carbon pool sze At
present, however, these inventories are
primaily desgned to quantify the
volume of merchantable wood in a
given region with high accuracy
(dandard error of 1% a the nationd
levd). This quanttity reaes in a
predictéble manner to carbon sored in
tree  biomass. Allometric  eguations
relaing biomass to diameter, heght
and tree age factors are needed to
convet these volume edimaes into
whole tree cabon content. Using
condant  converson/expanson  factors,
a is usudly done reslts in lage
arors, snce both wood dendty and
expanson factors vay condderably
with age and between species. Further,
coveson of volume increment
obtaned from repeasted inventories
into carbon sequedtration needs an
extra sgt of expanson factors that teke

into account differences in turnover
rates of different plant organs.

Much work hes yet to be done to
cregte continuous, Sandardised, geo-
referenced foret biomass and soil
carbon inventories. It is criticd to
hamonise  the  widdy  vaying
methodologies for  invetory  and
andyss, in order to synthesse  carbon
estimates based on naiond forest

Eddy covariance Tower near
Manaus, Braazil, measuring
fluxes of CO2, water vapour and

energy

inventories.  In addition, a mgor
obsarvationd chdlenge is to edtablish
dlometric  functions converting  above-
ground biomess to totd biomess.
Further work is aso needed to expand
the coverage over noncommercid
forets and woodiands, over tropica
fooetss ad to devdop sadlite
technology (LIDAR or Radar) for
remote sensng of biomass. SAR data
ae expected to contribute to
edimating biomass. However, high
resolution observation of foret by
SAR has been fragmented in terms @
tempord and gpatid senss  ad
conditions of  oObsavation  (incident
angle, ec) ae dffeent from one
satdlite to another. There is a need to
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build sysemdic, repetitive, pdidly
homogeneous and wel  coordinated
globd observaion drategies for faest
mapping by high resolution SAR.

Soil Carbon Surveys. The soil carbon
pool is more than twice the dze of
both the amospheric and the above
ground teredrid carbon pools and it
is extremdy sendtive to management
practices. In order to characterize this
pool, daa ae needed for both the
oganic layer and the minerd soil.
Cabon concentrations on their own
ae not gaufficdent, snce the totd
cabon poal is detemined dso by bulk
densty and profile depth. In addition,
to undersand the vulnerability of soils
it is necessary to didinguish between
subpools of fast and dow turnover,
which ae linked to bioogicd,
chemicd and physcd mechaniamns of
immohbilisation.

In many ocountries separate SOl
surveys ae caried out that dlow
quantification of carbon gocks in the
s0il. While mog of these surveys
affer from the poor qudity of ther
2l buk dendty and done content
edimates, they represent the only
source  of  informdion  currently
avaldble The chdlenge to the
Operationd Globa Cabon Obsarving
System is to ensure that the current in
Stu sl inventories are  standardised,
fuly exploted and  dgnificantly
extended. In addition, the sysem must
devdop new soil carbon measurement
techniques have the flexibility absorb
new modetbased gpproaches for
edimaing soil carbon, and provide the
biophyscd paameers needed by
modds.

Land-use Change and Fire. Two
observations associated with  processes
citicd for the teredrid pat of the
cabon cyde - landuse change and
disurbance - have been induded as
core obsarvaions in the Operaiond
Globd Cabon Observing Sysem.

The chdlenge here is to employ in an
operaiond mode sadlite sysems to
monitor land cover changes (Syear
time intevd, 1 km gpatid resolution)
fire hot guots (daly resolution) and
burned aeas (monthly resolution) The
land-cover change observations should
dso emphasize forest/non-forest
trangtions a higher gpatid resolution
(25 m).

The obsarving sysem should indude,
& andllay obsavaions improved
sadlite sysems with adequate ground
truthing (eg. a flux tower dtes) to
provide globd coverage of continents
on synoptic time scdes (17 days) for
biophyscd quantities (LAI, FPAR,
and relaed information such as
radigion and soil moigure), in order to
estimate photosynthetic activity

Ancther mgor chdlenge for the
Obsarvetiond Globd Carbon
Obsarving sysem is to scde up point
measurements and congruct a bottom-
up, continentd scde etimae of the
terrestrid  carbon  budget, with higher
reolution information aout regiond
paterns  within continents, over
seasond  to  interannua  time  scdes.
This will be achieved by increasng the
dendgty of the in situ measurements
liged in Settion 512 and by
increesing the frequency of associated
aimagpheric  sampling, combined  with
satdlite obsarvations.

5.2.4 Challenges in enhancing,
expending and optimizing the in-situ
oceanic observing system

Some of the oceen  cabon
observdtionss, such a the pCO;
aurveys, could be trandered from
rescarch mode to operationd mode in
the near future, with sgnificant efforts
for enhancing data inter-comparability
and reducing ingrument maintenance
and costs. At present questions about
the data qudity from an operationd
system and about the release of data in
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reaktime are dowing the converson to
operationd mode. The primary longer-
tem chdlenge for devdoping a

globakscae operationa ocean
obsarvation network is the lack of
accurate, robust, cost-efficient,

autonomous ingruments for surface
and subsurface sampling of principle
carbonate system components.
Conducting  sustained  observeions
from dedicated research dhips is an
essentid pat of an ocean carbon
resserch programme, but it is labour
intendve and expensve. A large-scae
operdiond ocean oObservation sysem
must be largdy built on autonomous
ingruments. Although severd
prototype indruments ae avalable
much more resesarch and development
is neded to advance the technology to
the state of being operational.

A scond mgor chdlenge for the
guantification of globd ar-sea fluxes
is the devdopment of robugt
dgorithms for edimaing ar-sea gas
exchange from essly  measured
parameters. It is becoming
increesngly clear that gas exchange
parameterisstions based soldy on wind
speed are not sufficient to congrain the
flux to within 20-30%. Additiond
recarch  is needed to deveop
dgorithms usng additiond or different
parameters (e.g. sea surface roughness)
that are more accurate. Once these
dgorithms have been derived, the
necessary parameers need to be
incorporated  into  the  obsarvationd
progranme S0 that more accurate flux

maps can be deve oped.

Ship Of Opportunity used to make
routine pCO, measurements

across the North Atlantic Ocean

Fndly, there is a need to deveop
sadlite sysems with adequate ground
truthing incorporated on  ships and
buoys to obtan higher oceen coverage
of SeaSurface Sdinity (SSS), Sea-
Surface Temperature (SST), Sea
Surface Height (SSH), wind speed,
and ocean colour. (60% globd, over a
35 day timeframe ***add ref.*x**).
This will serve to extrgpolate surface
pCO, measurements across full badns.
Although many of the individud
components of such a sysem exis, a
new emphass is required to build a
coordinated system from these pieces.

5.3 Filling Other Gaps in Current
Carbon Observation

Other gaps in knowledge hinder the
devdopment of a comprehensve
observation sysem for the carbon
cycde. While these gaps may be in
aess of quantitatively smdler carbon
fluxes, they ae nonethdess important.
For indance, lack of quantitative
knowledge about these fluxes could
bias the patern of carbon fluxes and
associated  processes  determined by
assimilation procedures. Each
subsection concludes with
recommendations on  observationd
dements which should be induded in
the overdl drategy, either as ancillay
obsarvations or as data to be obtained
from aher obsarvation sysems (eg.,
climate, aimospheric chemidtry).

5.3.1 Transport through Rivers,
Estuaries, and Coastal Seas

Pat of the cabon fixed on land is
trangoorted to the oceans by rivers
aout 1% globdly, much more
regiondly.  Although this transport of
cabon is wdl known in princple it is
poorly quartified. ~ The fraction of
carbon that takes this pathway varies

ersion 45302003 38



with the type of soil and vegeation,
the season and the hydrologicd cyde
it is d sggnificatly modified by lad
management, reservoirs, and  dams,
and land use prectices in watersheds
andriver basns.
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Figure 6. Ocean color pattern off
the east coast of the United
States in spring (CZCS imager)

To be replaced by MODIS image

River carbon is found in both organic
and inorganic forms, and can produce
substantiad CO, and CH, fluxes to the
amosphere. Once in the oceen, river
cabon is integraed into oceanic
carbon cycle processes. Its residence
time in the oceen depends on its
chemicophyscd form and on how far
it is trangported before it is exhded
back to the amosphere or buried in
sediments. It is now recognized that
eduaries play a key role in outgasing
subgantid  amounts of river carbon
before it reaches the coasta waters.
Transport away from the coadts varies
with topography and the locd oceanic
curents and ranges from a few
kilometres to thousands of kilometres,
and from a few hours b few hundred
years. In addition to river carbon, the
soecific  topography of the coadtd
ocean leads to enhanced vertical ocean
mixing and maine productivity, both
of which affect the ar-sea flux of
cabon in ways tha ae highly
heterogeneous and  poorly  quantified.
Sadlite data of ocean colour show

that marine biomass is 10 to 100 times
larger dong the coadts than in the open
ocean. Such information for the ar-sea
flux of cabon in the coastd Zzones
cannot yet be retrieved. River trangport
of nutrients (N, P, S) into ocean
waters can adso have a subgtantid
impact on the coasta ocean carbon
cycdle.  Eutrophication has  been
recognized for years but its effect on
the marine carbon cyde is 4ill poorly
understood.

It is important to compile and updae
exiging globad daabases of riverine
dissolved carbon and nutrient
trangports. In pardld, a high priority is
to devdop gridded eroson modds to
satidly dlocate the source of the
riverine  dissolved and  paticulae
organic cabon, and to account for
sdiment  burid  in resarvoirs and
coadtd shdves  Quantification  of
eroson losses into sediments and onto
teredrid  landscgpe podtions  dso
needs to be caried out. Smilaly,
guantification of the trangort of
cabon off the continenta shelves into
the open ocean needs to be
determined. The IGBP-LOICZ project
is underteking a globa-scde survey of
biogeochemicd budgets, indluding
cabon emisson and sequedrdion,
based on a dandardised methodology.
A criticd next gep in the deveopment
of the coadd zone component of the
Operdtiond Globd Carbon Obsarving
Sysem is to determine whether the
LOICZ budgeting projects should be
moved from the ressarch to the
operational mode.

5.3.2 Transport of Wood and Food
Products via Trade Circuits

Harveq, trade and utilisstion of food
and wood products transports large
amounts of cabon away from the
ecosystems that produced them. The
cabon is regpired back to the
atmosphere everywhere humans
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process and use it. The amount of
cabon havested from croplands and
forets is roughly 23 Gt C y*
globdly, an amount which patly goes
into internationd trade circuits.

Laterd trangports of wood and food
products have not been well quantified
to date. The decay of harvested wood
products in  pools of different
longevities further bypasses the naturd
return to the atmosphere by respiration
and disurbances, but it is not yet dear
if it acts to accelerate or to dow down
the turnover of carbon fixed by forests.
Globdly, cabon displacement by
productstrade is important but on a
regiond bass or landscgpe beds it
may be an even more dgnificant
component of the teredrid carbon
bdance. The magnitude of this
trangport varies with the type of
trander and  geogrgphic  region.
Within the context of the Operaiond
Globd Cabon Observing Sysem,
sandardized methodologies ae
required to process agriculturd and
foretry daa to obtan cedble
edimaes of the magnitude and

tempord trends of laterd
anthropogenic tranders, including
imports and exports of products and
packing materid. Such  methods

shoud am a producing gridded
edimates of the cabon fluxes involved
in the processing, the trade, and the
consumption of wood and food
products.

5.3.3 Non-CO, Components of
Ecosystem Respiration

The fluxes o non-CO, carbon gases
such as CO, CH4 and NMHCs from
terrestrial ecosystems, sometimes
cdled “non-CO: respirdion* must be
quartified in order to fully dose the
cabon budget for an ecosystem, given
that amospheric  methods  (eddy-
covaiance flux towers, amospheric
inversons) in generd messure CO,

fluxes only. In some cases a
dgnificant fraction of CO, withdrawn
from the amosphere is released back
to the amosphere in the form of non-
CO; gasss (up to 30% in some

ecosystems), cregting a locd
imbdance in the CO; budge.
Globdly, the oxiddion of these

compounds amounts to a production of
13 Gt C y* in the amosphere. Non-
CO, ocompounds  produced by
teredriad  (and marine) ecosysems
may be of sufficiently short lifetime to
be quickly trandormed into CO:2
before they reach an amospheric
background dation, but this is not the
cae for CO and CH, which have
mean amospheric lifetimes of many
years. Eddy covariance techniques
measuring CO; dmply miss thee
fluxes.

The emisson, trangport and chemca
desruction  of non-CO,  carbon
compounds is of primary interest of
the Integrated Globd Atmospheric
Chemigtry  Obsarvation  (IGACO)
theme. In practice a the scae of eddy
flux towers it is mogt efficient to
measure  Smultaneoudy the emissons
of CO, and of nonCO, carbon gases,

ether directly with
micrometeorologica methods or
indirectly by modds driven by

ecologicd process and meteorologica
data At the globd scde of
amospheric inversons, dae-of-the art
atmospheric chemistry trangport
models are required to compute the
amospheric  production of CO, from
its chemicd precursors and to account
for this process in the inverse retrievd
of fluxes  Thus dose collaboraion
between the Globa Carbon Observing
System and IGACO is essentid.

An importat chdlenge to the
amaospheric chemigtry obsarving
sydem is to devdop sadlite
obsarvation  techniques to  ddiver
methane  rdlated  products  globd
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seasond  didribution of wetlands and
globd soil moidure messurements in

particular.

5.3.4 Nutrient Fluxes to Ecosystems

There is increasing recognition of the
key roe of nutrients (both stores and
fluxes) in condraining both terredrid
and maine cabon fluxes and ther
future evolution. As daa is acquired
on core carbon cycle vaiables, paadld
data on nutrients, paticulaly N, P, S
and Fe, will be urgently needed and is
important  for the Globd Carbon
Project to develop better process-levd
underdanding of  cabon  cyde
dynamics This andllay daa will
incdude production rates (wind and
wae erodon, fertilisation, fixation),
changes in oil dores export to
amosphere and subsequent  deposition
on land and oceans. There ae
ubgantid  anthropogenic  nitrogen  and
phogphorus  loadings to  groundwater
and river sysems through leaching
from  agriculturd  fetilisr  and
pedicides  On the other hand, slicate
may be retained in freshwater sysems
due to bulding of dams and lage
water reservoirs (Slicate is needed by
digoms, which account for a
Subgtantid  pat of oceanic  export
production of carbon). Anthropogenic
amospheric nitrogen depogtion to the
coadtal seas (NH4") can be of equa
importance quantitetively as the direct
input through rivers.

5.3.5 Geo-referenced Fossil Fuel
Emissions

To undesand the perturbed globd
cabon cyde it is importat to
improve the obsarvaion of the
location and timing of fossl fud
emissons. Present data on fossl fud
emissons ae typicdly obtaned from
enagy  production  ddidics  and
aggregeted on an annud bass a the
xde of individud countries little

information is presently avalable of
the detalled space and time patterns of
fossl CO, emissons In the
developing world, fossl fud emissons
ae becoming an increesingly
important  fraction of totd carbon
emissons but emissons of CO:
associated  with more  traditiond  fue
types (eg., with biomass fud) ae

poorly mapped.

The Opeationd  Globd  Carbon
Obsarving System must measure fossl
emissons in the mgor industridised
aess of the world a the appropriate
goatid and tempord scdes to be
utilissd in  amospheric  trangport
modds and inve'son dudies A
redigic requirement is a space scae
on the order of 10 km or better and
tempord resolution that  accounts
redigicdly for fossl fud CO. release
paterns, such as daly traffic pesks or
the enhanced emisson of from power
plants during cold westher episodes or
heat waves. Similar efforts to map
biomess fud emissons should be
undertaken.

5.4 Improving Data Products and
Delivery to Users

The ultimate god of the Operaional
Globd Cabon Obsarving Sysem is to
generate data products that are of vaue
for the wuser communities. Raw
obsarvations ae rady adeguate on
ther own. To create usable products,
in situ measurements from a variety of
sources need to be integrated with
remote-sendng obsarvations within - a
modelling framework. To achieve
this a mgor chdlenge is to collet,
process and harmonise in Stu daa
from diverse sources. At present
problems with in situ daa indude,
among others, incondgent parameter
definitions, incomplete daa differing
goatid and tempord scdes  and
sampling bias in measurements.
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General comment ADD HERE
POLICY ISSUES: data access for
200miles coestd zone, forestry, FF
emissons ...) Other issues include the
odivery of in Stu measurements to
models. Some in Stu  measurements
ae infrequent or require laboratory
processng or tedious fiedd work, and
would thus only enter into an
assmilation procedure once every year
or s, pahgps to improve the
refrogpective andyss of carbon fluxes
and pools Some other in stu
obsarvations on the other hand, such as
pCO, on shps of  opportunity,
terrestrid = ecosystem  fluxes, or
amospheric  concentrations, can  be
transferred in red time to data centres
and Oddiveeed to an opeaiond
procedure to now-cast carbon fluxes,
much in the same way as current
meteorologica observations.

6 The Integration Challenge

6.1 Integrating across Scales

Today, cabon  observation  systems
have sparse data coverage, but they
have reached a aufficent dage
d maturity so that regiond estimates
of fluxes and other carbon quantities
can be st as a feashle objective
Science communites  ae  wdl
edablished for themes such as eddy
covaiance flux towers, amospheric
networks, or ocean pCO2 mapping.

Organized, globdly oriented, networks
exig for flux towes amospheric
concentrations, ol and  biomass
aurveys, ecologica dudies, and ocean
pCO2, but these dl different methods
operate a diffeeent spatid and
tempord scales. Uncertainties in
gther their upscding or downscaing
prevent us from deivering quantitative
globad underdanding of carbon sources
and gnks a the regiond scde To

reduce uncertanties in an objective
manner, we need drong integration
acoss sdes, based on modding
schemes for modetdata fuson or data
asgmilaion, which can  indude
obsarvetion of different characterigtics.
In the ocean, the intermediate and deep
oceans have to be included as these
reservoirs are flushed farly quickly 1-
2000 years. The entire marine system
must be canddered for any kind of

overdl budgeting.

Daa integration should proceed from
the merging, synthess and eventud
the fuson of cabon observations
within process oriented carbon modds.
it will require  comprehensve
advanced Cabon Cycle Daa
Assmilation Modds, that are expected
to andyze large amount of data and
diagnose on a routine bads cabon
quantities, and provide error
diagnogtics. Given the grong carbon-
dimate interactions, it is mog likely
that, Numericd Weether Prediction
modedls fitted with specific modules to
compute carbon cyding, will provide
the bex framework to assmilate
terrestria and amospheric
measurements.  Similarly,  operationd
oceanogrephy  modes that work &
higher resolution than current oceen
cabon modds should be agppropriatdy
computing the biogeochemicd dae of
the ocean and the pertaining nutrients
and carbon fluxes Ultimately, a globd
assmilaion in full ocearamosphere-
land carbon-cimate is required jointly
for  physcd ad  biogeochemica
varidbles. This goproach  will  both
improve hindcasts and forecasts of
westher, climate, and carbon systems.

Remote sensng products  ultimatey
will  ddiver severd ordes  of
megnitude more information then In
gtu measurements. However,
induding dl type of daa within a
gngle asImilaion procedure  may
cregte the risk that the optima solution
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would be excessvely dependent on
potentid biases of remote sensng
products In order to avoid this
gtuaion, in Stu daa may be kept
adde @&  precious  sources  of
independent  qudity assessment in the
Cabon Cycde Daa Assmilaion
Sysdem. It should adso be recognized
that a vaidy of different
biogeochemicd modds based on
diginct hypothess should be used in
pardld, rather than one sngle modd.
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Source: BOR EAS

Figure 8. Example of integration across scales from local to regional in
upscaling terrestrial observations
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Figure 9. Integration across scales
for ocean carbon obsevations

The reevant scde a which it is
desrable to quatify fluxes from a
gobd pespective is typicdly 1050
km with weekly resolution. Over land,
climate and weether petterns acting on
cabon fluxes a 10km scdes and can
be andyzed from Numericd Wesather
andyss with input data from carbon
cycde modds. Over the ocean, the
scae of 50 km is dso the one a which
meso-scade eddies can be resolved in
operationd oceanogrgphy  modds.
Cabon processes patly operae
diffeorently a even gmdler scdes
depending on topogradly, ecosystem
digributions, and anthropogenic  land
use patterns. However on timescales of
up to a few yeas they show a
remarkable degree of coherency over
larger scdes, due to the predominantly
smilar tempord response to climate
and westher.

6.2 Model-data Fusion and
Assimilation Schemes

The globd cabon cyde is a dngle
entity, with multi-faceted  aspects
cutting across the three mgor
domans the ocean, the land surface
and the amosphere. The most
successful modeling advances made in
the fidd involve combining
amulations with observetions for the
different resarvoirs, because  results
from one doman often place vauadle
condraints on the workings of the
other two.

The multiple condrant gpproach is
goplicable in this context in order to
extract from independent (orthogond)
observation a comprehensve diagnoss
where the risk of bias will be
minimized. Usng independent
obsarvations will narrow uncertainties
in the diagnodic evdudion of the
datasts through modding. It will dso
quantify by how much each
obsavaion hdps in  the ovedl
picture, and based on this what type
and over which area, new observation
can be intdligently be added to the
network.

Key to pragmatic implementation of
the multiple condraint theory, is daa
assmilaion. Such a framework can be
esablished by coupling carbon modds
of the different processes (biomass
growth, disturbances, marine
biologicd activity and 0cean
creulation, amospheric  transport...)
and running them in an asImilaion
mode S0 as to best match the avalable
daa The assmilaion  procedure
guides the modd in a dynamicdly
condgtent way towards the data within
their uncertainties, and, in unsampled
aess, the mode can be used as a
“gnat intepolaior”’, to obtan a
complete diagnogs, or andlysis.
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One and useful sep further is to go
from daia assmilaion which predicts
the date(s) of present and (near)future
to daa inveeson where the
obsarvdions sarve to optimize and to
narow down uncetanties on the
mode’s parameterizations. That way
of improving cabon modds will no
doubt save to improve future
cdculaions of the long term evolution
of the atmospheric CO» concentration.

There is no unified modd (and
likewise no gngle family of
observetions), tha enadbles us to
underdand and edimate the carbon
fluxes and ther driving processes.
Given the diverdty of scdes, it is
possble that a suite or a hierarcchy of
models nested one within each other
might be needed to cgpture properly
the vaiability inheent to some
obsarvations. For indance the CO;
amospheric  concentration a& a tal
tower can be interpreted usng a suite
of neted modds from the globe down
to proximate source aress. However,
the oveaching god of obtaning a
globd picture of the cabon cyde
should be kept in mind, which favors
the choice of modds tha ae
ufficiently generic in their
paameerizaions and input variadles
requirements, and yet based on date of
the at mechanigic understanding (see
Section 9). We compile bdow few

knowledge chdlenges specific to the
assmilaion of carbon observations

A firg chdlenge in building Carbon
Cycle Daa assmildion sysems is
their necessry ability to accommodate
vad amounts of dispaae sadlite
obsavaions To bex do <0,
biogeochemicd modds need to be
fitted with radiative tranfer modules,
in oder to let them smulae dHae
vaiables (eg. reflectances), which are
as close as possble to what the sensors
can actuadly messure. A carbon

assmilation sysem must thereof be
dimensoned to diget huge amounts of
sadlite daa both in tems of
vaidionnd requirements (given non-
linearities in the modds) and in terms
of data processing and storage.

A second chdlenge is to treat the
uneven  didgribution of in  dStu
messurements.  Some  regions of the
world  where intendve  sampling
programs are put in place, are expected
to g much beter observationd
coverage than others. Globad carbon
data integration should thus address
the issue of bridging the gap between
data rich and daa poor aess tha
should evetudly be linked to the
amospheric growth rae and to our
aoility to mitigate it. Right now, we
live in a daapoor world for carbon
cycle in situ obsarvations, and most of
the obsarvations ae operaed on a
research bass. But we see the onset of
the devdopment of densr networks
with regiond emphass over for
ingance  North  America,  Europe,
Jgpan, Siberia, the Amazon. It is thus
key to the success of a carbon cycle
data assmilaion sygsem to plan & an
ealy dage improved data cdibration,
hamonizetion, and qudity insurance
procedures which will ensure tha in-
Stu observations produced by different
networks are fully compatible one with
each other.
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A third chdlenge is to couple weether
and climate with carbon cyding. Over
land, optimizing photosynthess  will
likdy dter the latent and sensble heat
fluxes, which in turn feedback on the
boundary layer transport of
amospheric CO.. It is thus inevitable
that the most redidic manner to
assmilae cabon obsarveions is to
inset cabon cyding modds within
Numericad Wesather Prediction modds,
and beyond in coupled oceant
amospheredland dimate and Eath
Sydem modes. This will  become
cucid when remote sensng of the
amospheric CO, concentration will be
operaionad, because  concentration,
temperatre and humidity profiles are
inimatdy linked in the amaospheric
radiative transfer.

A fouth chdlenge of asamilaing

cabon cyde data will be the &bility to
reirogpectivdy  andyze the avalable

observdtion a regular intervas (say
few months). Carbon data assmilaion
is different in that respect from
meteorology where the amospheric
date kegps no memory beyond few
days, because there are key long time
congtants in carbon processes.

7 Institutional and Funding
Challenges

The edablishment of a systemdtic
obsavation sysem for the globd
carbon cycle is a complex undertaking,
primarily because the complexity of
the cabon cycle intersects with
politicd and economic gructures (eg.,
energy Systems) tha have been
established a internationd as wdl as
nationd leves An effective and
efficent framework for globa carbon
cycle observation mugt rely on severd

of
National
A

| nput from
Users Groups

IGCO panel

bal Carbon Proj

Guidance ;
Oversights

D

| mplementation
Data providers
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components, mogt of which have
multiple dients and are sponsored for
different reasons. It is therefore
essentid  that  the design  and
implementation  of the  obsaving
sysem as well as those of internationd
and national carbon research
progranmes ae cdealy linked with
each other and to the policymaking
community charged with meeting the
carbon/dimate chalenge.

New and dable indtitutiond
arangements are needed in order to
esablish and maintan thee linkages
0 tha a rdidble sygem of
obsarvations on the globd cabon
cyde can be built. A drong and
effective patnership with the Globd
Carbon Project is particularly
important  to  link reseach and
operationa obsarvations, to ensure that
data produced by the Globd Carbon
Obsarving Sysem is fully integrated
into modd devdopment, andyds and
synthess, and to devdop effective
protocols for information managemen.

A paticular inditutiond chdlenge for
the Globd Cabon Observing System
is to ensure that the component
obsarving sysems ae coordinated,
interndly conggtent and
complementary with respect to space,
time and methodologica protocal.  For
indance, there is a need for
coordinaion  between  the  eddy
covariance flux tower and atmaospheric
flask sampling networks. By
improving the cdibration of
amospheric CO, measurements at the
top of eddy covariance flux towers,
these data can be used in amospheric
inversons.  Smilaly, improving the
accuracy  of CO,  concentraion
messurements onboard  ships  of
opportunity measuring  DpCO,  will
hep amospheric methods to improve
ar-seaflux estimates.

A lage chdlenge to ocean carbon
messurement is to coordinate mgor

intiatives involving ship-based,
satdlite-basad, and land-based
observeation efforts These ae often
large-scale, expensve  endeavours
underteken with nationd or regiona-
based funding. There ae numerous
opportunities  for  benefiting  from
economies of sde aisng from
internationd planning ad
coordination in this redm. For
exanple in tems of ship-basd
observaions of pCO, the CO, Pand
of the Intergovernmental
Oceanogrgphic Commisson (I0C) and
SCOR  (Scientific  Committee  on
Ocemnic  Research) is  collaborating
with the Globd Cabon Proect to
ensure  the most effective re
occupation of the WOCE hydrograph
sections over the coming years.

Thus, it is cear that the Operationd
Globd Carbon Observing Sysem must
emphasize coordingtion and
collaboration with exiging activities
where these are podtioned to generate
the nesded input or output products,
ue the best avaldble sdettific
expatise in the generation of new
products intended to fill gaps rdy on a
smdl centra group (the IGCO Pand)
to provide support and continuity for
this process, and make extensve use
of technologicd tools such a the

Internet, e-mal groups,
teleconferences,  web-crawling, and
database development and
maintenance.

Figure 11 presents a  proposd

framework for the guidance of the
Operdtiond Globd Cabon Obsarving
Sysem.  This inditutiond dructure is
desgned to meet the chalenges
outined &ove by formaion of an
Integrated Globa Carbon Obsarving
(IGCO) Pand that will be guided by
input from its primary user groups and
dmultaneoudy interact drongly  with
the data providers. A key linkage is
between the IGCO Pand, CEOS, ad
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the globad observing sysems (GXOS)
that indude in Stu  measuring
components. Each of thee
organisations will be responsble for a
component(s) of the Operaiond
Globd Cabon Obsarving Sysem, but
the Sysem will not be effective
without — coordination  between  the
components.  The 1GOS Pand will
provide the guidance and oversght
required to ensure the appropriate leve
of coordination.

Equdly important is the interaction of
the IGOS Pand with the its user
groups. The policymekers ae
represented & two  levds -
representatives  of the naiond  leve
policy community and a the levd of
the UN Framework Convention on
Climae  Change  through  ther
Subsdiay Body on Sdetfic and
Technologica Advice  (SBSTA).
Given the tight ocoupling between
operationd observation, research
obsarvation and the scientific research
itsdf, the Globd Cabon Obsaving
Sysem must have a close working
rldionship with the Globd Carbon
Project. This can best be achieved
through  gdgnificant  cross-membership
of the IGCO Pane and the GCP
Scentific  Steering Committeg;  joint
activiies and workshops, and co
publication of mgor reports and
papers that have both observation and
research aspects.

There are two additiond organisationd
chdlenges towards building the Globd
Cabon Obsaving Sysem  from
naiond and regiond components i)
continuity of obsavaions and i)
ressarch and technology development
in support of the observing system.

A mgor issue confronting the Globa
Cabon Observing Sysem is to ensure
the  continuity of the  core
measurements, & a minimum. Sadlite
obsavations ae coordingted  within
CEOS, a patner of IGOS; however,

amospheric in Situ observations (eg.,
trace gas concentretions) are linked via
the World Meerologicd Organization
(WMO)?to nationd agencies. Ocean
obsarvations ae coordinated through
the Globd Ocean Observing System
(GO0OS)®) in  collaboration  with
nationa agencies under the auspices of
the Intergovernmental
Oceanographica Commission of
UNESCO (10C)%;. For terrestrid
ecosysgems, the links between the
neiond funding and implementation
agencies and  the  internationd
community ae  currently  wesk.
Internationdly, the Globd Terredtrid
Obsaving System (GTO9® and its
goonsors  (particularly  the Food  and
Agriculture Organisation (FAO)®, the
United Nations Environment
Progranme (UNEP/? and WMO)
have nationd points of contact, but
even a the ndiond levd, the
obsarvation progranmes  and  ther
funding ae not typicdly cooordineted
centrally.  Thus, one of the biggest
chdlenges for the IGCO Pand is to
gan commitments for continuity in
core observations from this
exceptiondly broad range of
organisdtions, eech opeaing in its
own paticular inditutiona setting.

Comment below to be addressed

THAT NO SUGGESTIONS ARE
MADE AS TOHOW THISMIGHT
BE ACCOMPLISHED - NOR IS
THERE AN IMPERATIVE CALL
FOR SPONSORS TO ADDRESS
THIS ISSUE WITH PRIORITY.
WE THINK A BIGGER DEAL
NEEDS TO BE MADE OF THIS
NEED!]

Improvements beyond an  initid
obsarving sysem described  herein
require vigorous support for research
devdopment in severd aess. The
most important of these ae i)
improved and new insrumentation for
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in stu and sadlite obsarvetions of
amospheric  COy; i) network
enhancement and desgn optimisation
dudies, in turn requiring the cgpability
to evduate trade-offs in performance
basd on  vaious  hypotheticd
improvements in the obsarvaions and
iii) devdopment of modds and
dgorithms that ae ale to more
effectivdly invert or assmilae raw
obsarvdions to produce globd carbon
flux fidds.

Implementation Timetable

Phase 1: Preparatory (2003-2006)

o Approva of IGCO plan by 1GOS
P

o Improved coordingtion among
exiging internationad programs and
components, particularly GCP and
IGCO.

o Focused  efforts to  reduce
uncertainties in the current gaps of
knowledge in the carbon obsarving
sydems  (Section 5 Laerd
movement of C by fluvid sediment
trangport, Latera movement of C
by trade and nonCO, gases
emissons (eg., CH4 CO, VOCs).
The dating point shoud be
workshops to provide an
implementation plan, and obtan
agencies commitments for
delivering improved edimates of
these rather usive parameters.

o Focus efforts on data andyss and
dgorithm devdopment to retrieve
CO, didribution from exiding
ingdrument, such a  AIRS
SCIAMACHY, IASI and TES, and
begn desgning an internaiond
globd cabon cyde sadlite
obsarvetion  sysem  combining
OCO, GOSAT and European
project.

O Begin desgn of in-situ observing
system, which will be a precursor
of a1  opediond network,
asessng  how  the  current
obsarvation network  should  be
augmented to indude Asga
Ausrdia, Africa, South America
and gpecidly the eguatorid and
southern Oceans  (eg., WMO,
NOAA)

o Deveopment of dgorithms should
be completed to map from Land
Obsaving Sadlites (eg., Landsat,
SPOT, ALOS, NPOESS) the
globd digribution and tempord
vaiddility  of: Forest-no-forest
information;  globd  land  use

information;  biomass information;
seasond growth cycle of
vegetation and  fires  wetland
cover.

o Define a mehodology o0 that
globd 0l cabon contet could
be updated every 5 years on a 1°
by 1° grid

o Define a mehodology, induding
enhanced  georeferenced  data
avalability, so that forest biomass
inventory can be updated every 5
yeas a components of the
obsarving sysem.

o Dedgn a gobd nework of
ecologicd, bio-opticdl, ad
biogeochemicd  obsarvations, as
the beds for cdibraing, vdidating,
and adding vdue to remotdy
sensad ocean colour data. Products
will be the devdoped through the
Ocean Biology Project initiated by
CEOS and presently coordinaed
by the Internationd Ocean Colour
Co-ordinating Group (I0OCCG).

o Evduae the current capabilities to
deive the ar-sea gas transfer
veocity digribution from sadlite
measurements of surface
roughness (scetterometer and
dtimeter). Prdiminary direct ges
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exchange measurements by eddy
correation confirms the generd
aoproach, but dgnificantly more
process levd  work  needed
paticulaly for high and low wind
speed, bubble dominated
environments.  Scatterometers  ad
Altimeters will surdy enhance the

operationd observing system

Involve operationd sadlites
agencies such a  NOAA,
EUMETSAT in these

workshops/'sudies from the very
beginning because later they will
have to take the lead in this
activity;

Beginning convergence of current
regiona Sudies (eg.
CARBOEUROPE, NACP...) to a
coordinated  program  with  the
Globd Cabon Project, which is
organizing four “research
inditutes”  in  different  centres
aound the world between 2002
and 2005. (The fir¢ occurred in
May 2002 in Boulder, USA). Each
inditute congsts of 24 weeks of
taks and precticd  research
traning, and deds with daa
assmilaion of one of the three
compatments of the globd carbon
cycdle amosphere, oceans, and
land. The lagt inditute will ded
with data assmilation a the scde
of the Earth System.

In padld to above we will have
focused workshops in Toulouse,
Frascati, Tokyo and JPL to assess
the qudity and accuracy of current
sadlite data to mgp column CO,
distribution from AIRS,
SCHIAMACHY etc... and to
discuss the data andyss daus of
Topex-Poseidon and JASON as a
modd.

Initiate technology development in
the aea of Lidars on operaiond
sadlites which may provide a

complete profile of amospheric
CO2 and other carbon molecules.

Phase 2: Demonstration (2006-
2010)

o

Based on the assessment of the
daus of  globd carbon
measurements coming out of the
four workshops organized by CJIP
ending 2005, we will need to
evaluate whether:

Addition of improved satdlite-
derived atmospheric CO2 data sets
from dedicated missons, resulting
in better flux output products,

Gradud improvements of Input
data products (point and gridded)
and of modds

improving globa networks, new
inventory data flux estimetes are
meeting |GCO accuracy and

Spatid resolution objectives
Vdiddion of new sadlite data of
amospheric  CO2 columns  (and
possbly verticd profiles) obtained
usng passive sensors (paticulaly
OCO and GOSAT, but adso AIRS,
SCIAMACHY and IASI) mission
with indtu network of ground
dation, tdl towers and arcraft
soundings.

Endtoend check on the daa
system so that it fullfills the need
of international modding
community

Phase 3: Pre-operational (2011-
2016)

We envissge by this dae tha the

following sysems have been
established:
o The autonomous surface ddion

globd network should be in place
both on land and oceans for a
continuous in Stu CO2 andyss
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with an accuracy of 0.2 ppmv, over
the globe with a typicd gpaid
reolution of 5° by 5° grid over
land and 10° by 10° grid over the
Oceans, paticulaly in Southern
Hemisphere

The eddy covaiance towers
network with new towers has been
expanded and inter-cdibrated and
they locaed in complex and
highly digurbed landscgpes and
across  gradients  of  successon,
stand age, and land-use intengity.

Globd <ol cabon content is
updated every 5 years on a 1° by
1° grid. Forest biomass changes is
updated every 5 years or better and
that the data from various nationd
inditutions are avalable on a geo
referenced basis

On ocean surface basin-scde, an
operationd sysem of extensve in
gtu sampling of surface pCO,
levels has been implemented.

Land sadlite  products ae
evduaed and are reedy to be used
in process-based terredtrid
ecosystems models.

Ocean sadlite  products ae
evduaded and reedy to be
assimilated in operationd
oceanogrgphy  modds  fitted  with
carbon cycle capabilities.

Methods for evauating land-ocean
transfer have been tested and can
now be gpplied

New satellites are now in place for
meesuring column dendty of CO2
and other carbon compounds

The modding community is reedy
to ingest these data in the modes
to determine precisdy the sources
and dnks of carbon and the future
evolution of cabon  rdated

compounds in the amosphere.

Phase 4: Operations (2017 - )

Section 9

Summay of in situ and space based
datarequirements

|GCO version 45302003 A



Remote-sensing Contribution to Providing Ecosystem Variables Relevant to Carbon Cycle Studies

Component of Global Existing, Approved, or Proposed Instruments / Missions Other Potential New Missions Spatial Temporal
Surface- Observation : Contributing : Sampling :  Sampling
Atomosphere Carbon Required :  Remote : Frequency : Frequency

Flux . Sensors

Historic urrentand Future
Near-term

. Atmospheric : HRS-2 LWR: ARS,  :0CO Active CO;  : IP (FPland 1-50km | Daily *
i QO variability i IASI i sensors i LIDAR) i
Surface fluxes ;

inverted  from:
atmospheric CO2
measurements

| SWIR:
| SCIAMACHY

Atmospheric | MOPITT | TES 25km i Dalily*
CO variability : : SCIAMACHY

Attribution of : ; : : :
surface fluxes to ... O e e e st st e e e e e

combustion : Atmospheric i NPOES TS gkm Daly +
processes BCaerosols oy | CALPSO  Cis
: i | APS

variability

i Land cover \ ” ” Synergistic multispectral 30 m and 250- -
Lni<iozpizz S Lawigeiy ) VRIS polarimetric radar

CO2flux and art]1 cover SPOT1-5 { AIRSAR

terrestrial carbon change '

processes Burned areas

| ASTER | NPOES NPOES
| MERS : VIRS VIRS
i Prep. Prog.

..................................................... S
products:
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Climate variables
driving land-
atmosphere fluxes

 MERS : LDOM : ARSAR Synergistic multispectral 251000m  ; w eekly
LAl FAPAR MODIS i ALOS optical, radar missions
Albedo. . SeaWIFS ASTER Hyperspectral Mission
? eg. SPECTRA
Vegetaion | e SPO'I'—45(Vegeta110n/HRG) .................................................
Produciviy | e e
.......... T
N .................................................... s .
 VIRS VIRS | Cis
Prep. Prog.
Vegetation i MISR VCL { 25-250m Annually
ammﬁ%geor : : Wide-swath LIDAR + :
P AIRSAR interferometric radar
' LvIs
: SLICER
Fires TRMM Daily
hotspots MODIS
GLI
Biomass and AVHRR VCL, Wide-swath 50—-100m Annualy
regrowth ........................................................................... LIDAR + low -frequency
SPOT polarimetric radar
JERS-1
ERS-1, ERS-2
ASAR ALOS AIRSAR
| RADARSAT LVIS
! SUCER

Soil moisture

: regime (surface :

and deep)

| ASAR

{ AIRSAR, IIP
| (UHF/VHF

Higher -resolution

i radiometers, lower-frequency :

radars

surface, 10-day
for depth
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Precipitation { TRMM | DPR 5 kM " Daily

GPM, Follow—on missions, . TRVM
H i i geosynchronous ] i : ;
Cloud cover AVHRR MODIS CloudSat Follow —on missions, 1km Daily
CERES geosynchronous H
NPOES Prep NPOES
Prog.
METOP-1-2-3
MSG

* longer temporal averaging may be needed to get desired precision
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Component of
Surface — :
Atmosphere Carbon

flux

i  Global
! Observation
Required

Existing, Approved, or Proposed Instruments / Missions

Other
Contributing
Remote
Sensors

Potential New
Missions

Spatial
Sampling
Frequency

Temporal
Sampling
Frequency

Historic
Land - Atmospheric { IMG MOPITT TES 25-100km | TBD
a,
atmosphere CH4 variabiity ARS
flux SCIAMACHY
Biomass See fire spots
osgons | andbumed
areas
Wetland AVHRR AIRSAR Low -frequency 25mor less, weekly
e tent ............................................................................................................................................... 0|a!metﬂC radar and —- 1 km
X LandSat 1.7 poan
SPOT1-5
SIR-C ERS-2 ALOS, LDCM
: ERS1-2 :

T Wing speet T "6[116@&\'%‘ ............................ Eéﬁ\”"éu;&'t'r'ﬁgéb'ﬁé e e se oy
ASAR Dynamic Explorer Wind Lidar
MERIS
AMSR-E
WindSat
Seawinds
AMSR

Seasurtace  S— s —— = G ———— i oy

|GCO version 45302003



ATSR VIIRS NPOES Prep. i VIRS NPOES NPOES
i Prog.

: temperature

Ocean i Chlorophyll i CzCS SeaWIFS SIMBIOS | 1km ! Daily
biogeochemistry: ocean colour i POLDER- MODIS AlC 5
particulate
Ocean POLDER-I LIDAR
ADEOSIGLI SGLI

MERS | VIRS NPOES . VIRSNPOES
{ PrepProg.

productivity

oee . Circulation & | TOPEX JASON-1 JASON-2 . 300km | 10day
; : ! hydrography
circulation i ENVISAT/ALTIMETE

R
BRS-1
ERS-2

Space-based missions related to the Integrated Global Carbon Observations Theme
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Basin-scale Surface
Observations

PCO2, carbonate system,
Fluorescence, Nutrients, Optical
properties, tracers, hydrography
parameters

Large scale inventories

Biogeochemical Time
Series

pCO; sensors, sediment traps,
trace metal samplers, and
measurements of ocean optical
properties

Ocean Remote
Sensing

Continuity
challenges

- Ensure ongoing measurements
from oceanographic research
vessels, VOS, and SOOP vessels
for surface pCO »

- Continuity of shipboard surveys
for each basin on a 5-10 year
revisit time to track the penetration
of anthropogenic CO »,

- Ensure co-ordinated sampling of
hydrography parameters,
nutrients, carbonate system,
tracers, and biogeochemical
species (iron, DOC and POC)

- Ensure continued support for
existing time-series stations

- Continuity of series of plankton
species and abundance made
through the Continuous Plankton
Recorder Programme

-Ensure agency commitments for
a transition from research
missions to operational missions
(operational data products and
services...)

- Ensure continued support for
developing a common network ¢
coastal observing system
elements

Knowledge
Challenges

- Develop spatially and temporally
extensive in situ sampling of
surface pCO »

- Develop cosampling of other
ecosystem and biogeochemical
data to place pCO , data in proper
context

- Collect atmospheric data along
the VOS lines (prec. 0.1 ppm) to
better resolve regional budgets

- Develop autonomous carbonate

system sensors that could be
deployed on profiling floats

- Develop a network of

quasi -autonomous ecological,
bio-optical, and biogeochemical
time series

- Add new time-sseries stations in
key remote locations (high latitude
water formation regions of N.
Atlantic, S. Ocean, ocean
margins).

- Development of automated
techniques for measuring
biogeochem. properties

- Develop satellite system to
obtain higher ocean coverage
(60% global, over a 35 day
timeframe)

- Develop systematic in-situ
measurements to support satellite
ocean colour (incorporated into
VOS+time series)

- Establish a long-term observing
network for coastal zones and
ocean margins (use pilot studies
for optimal design)

Priority observation for ocean component of global carbon observing system (source GOOS)
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Land cover and
land use

- Continuity of
calibrated, fine
reso lution optical

Biomass

- Ensure ongoing
availability of canopy
structure

Seasonal
Growth cycle

- Ensuring continuity
of moderate
resolution optical

Fires /
Disturbances

- Continuity of
calibrated moderate
resolution satellite

Solar radiation

- Ensuring the
development and
production of daily to

Eddy-

Covariance flux
towers

- Continuity to
maintain existing
measurement

Methane /Soil
moisture and
surface
WEIESS

Canopy
biochemistry

- Develop methods
for deriving global
land use information
by means of satellite
at various spatial
scales, in linkge with
the effect on carbon
fluxes

techniques, and
sampling strategies
- Update the 1:5
million soil map of
the world (underway)
- Develop satellite
technology for
Remote sensing of
biomass (eg SAR)

Use of new satellite
sensing techniques
(multi-angle optical,
lidar) to be further
investigated for
improving LAI
accuracy at high LAI
values and
information on the
distribution of
sunlight within
canopy

- Information on
plume composition
from satellite

- Information on
injection height

- New methods to
map areas burned by
‘ground fires’

km and direct
estimation for the
PAR spectral region
(0.4 -0.7 um).

- Standardize
methodologies
among the regional
networks (joint
ecological
measurement, use of
high resolution
remote sensing, gap
filling)

techniques and
modeling tools to
estimate methane
fluxes from wetlands
(include. Water table
depth)

- -Develop satellite-
based capability to
monitor global soll
moisture

data from both fixed- [ measurements sensor data Burned areas monthly SW programs for at least

Continuit view (eg Landsat) - Improve availability | Measurements: (res <200 m products. 10 years at a site
y and pointable (eg and harmonization of | Same as for land needed). F|re§ - Expand the current

challen ges | SPOT) sensors inventories cover hotspots (res ~ 1000 network in

- Continuity of - More efficient use -Ensuring agency m) underrepresented

calibrated, moderate | o pational commitments to - Information on regions, and

resolution global inventories (e.g. generating global LAl | historical changes in ecosystems

satellite observations improved expansion products beyond the fire regimes (long updergomg

- Systematic factors...) MQDIS/TERRA term satellite data + disturbances

reprocessing of period. ground surveys) Improving

satellite data to - Ensure - Ensuring continuity international

prepare time systemati C of moderate coordination (on-line

stamped or time . resolution optical data transfer, data

serie obseration of sensor quality assurance)

forest by SAT measurements
(eg ALOS)

- Obtain global land | - Expand inventories Use of new satellite - Develop methods - Develop daily PAR - Poof of “virtual tall - Map the global - Experimental

use information by to Tropical forests, techniques (lidar, to quantify partial products from towers" concept distribution and programs to

means of satellite non-commercial multi-angle optical) to | disturbances in geostationary and accurate CO» temporal variability of | determine the
Knowled ge data at various forests, woodlands detect frost-free forests (insect polar orbiting concentration wetland cover types operational feasibil

spatial scales - Develop new soil season duration at damage, selective sensors. Spatial measured at flux -Develop satellite of producing robust
challen ges carbon measurement | Nigh latitudes harvesting) resolution near ~10 towers (< 1 ppm) observation estimates of canop

biochemical
properties. (C and I
content of pools)
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Land cover information

Land Cover

Water

Snow and ice

Barren or sparsely vegetated

Builtup
Croplands
Forest Needle Broadleaf Mixed
Leaf type
Leaf longevity Evergreen Deciduous Mixed
Canopy cover 10-25% 25-40 % 40- 60 % 60 — 100 %
Canopy height 0-1m 1-2m >2m

(low shrub) (tall shrub) (trees)

Forest special theme : flooded forest

Spatial resolution : 1 km (coarse) and
25 m (fine)

Update cycle 5 years (coarse and fine)

Resolution 1 km initially 250 m as soon as possible 25m
Cycle Annual wall —to — wall 5 year wall—to —wall 20% - 30 % annual
Classes No change No change

Forest =» non - forest Forest = non - forest
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| | Non -forest = forest | Non - forest = forest

Special products Burned forest Forest fragmentation
Forest change occurrence

Satellite data requirements from for terrestrial observing sysem component
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Fire information

Fires Spatial Reuvisit cycle Data delivery Source(s) of data
resolution

Fire monitoring 250 — 1km 12h 12 h Coarse resolution optical (thermal)
Mapping burned area 25 m-1kn Annual 3 months Coarse and fine resolution optical with SAR backup
Modeling 250 m — 1km Annual 6 months Coarse resolution optical plus land cover plus biomass,

emission factors, etc.

Biophysical
information

Biophysical product  Units Accuracy Spatial Temporal Source of data
needed resolution cycle

LAI m? m? [ £0.2- 1.0 1 1km 17 days Coarse resolution optical

PAR W/ m? +2-5% 1km 30 min—1 day | Coarse resolution optical

FPAR Dimensionless | +5—-10 % 1km 7 days Coarse resolution optical

Above ground biomass G/ m?2 +10 — 25% 1km 5 years Inferred from land cover until
spaceborne measurements are available

NPP Ge/m2/yr +20-30% 1km 1 year Above products plus ground and
spaceborne meteorological data

Satellite data requirements from for terrestrial observing system component (cont’d)
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Atmospheric
Measurements

Atmospheric

Transport modeling

Satellite CO2
observation

Continuity
challenges

- Ensure commitment to stability of the flask sampling

program.

- Ensure frequent calibration of laboratories to the
primary WMO standards

- Continuity of intercomparison programmes for CO2,
CH4 and other species

- Adding key sites for flask sampling, over oceans
based on network optimisation studies.

- Develop in situ CO, analysis over continental areas

- Continuity of vertical profile measurements begun as
part of continental-scale carbon budget experiments.

- All data requirements to reduce
uncertainties on spatial and temporal
patterns of land-atmosphere and air-sea
fluxes will help atmospheric studies to
constrain regional carbon budgets

- Algorithm development to retrieve
column integrated CO2 and CH4
abundances from existing sensors (AIRS,
TOVS, SCIAMACHY)

Knowledge

Challenges

- Develop multiple-species analysis, with new tracers
(eg O2/N2, Ar/N2)

- Develop sampling from tall towers, tethered
balloons, and aircrafts in conjunction with ground
measurements of fluxes and ecosystem condition
(underway in Europe, North America, Siberia)

- Expand atmospheric aircraft / tall towers
measurements over tropical continents

- Development work for deployment of robust
remotely-operated continuous CO, and O2 analysers,
with an acceptable trade-off between logistical
independence and precision.

- Availability of location- and time- specific
fossil fuel emission data (up to hourly,
10km) and bio-fuels

- Availability and location of global fire
emissions (timing, injection heights,
emission factors, delayed emissions)

- Archival and distribution of subgrid-scale

vertical mass fluxes from operational
weather analysis centres to facilitate

transport modelling

- Develop high resolution transport models
in conjunction with land surface schemes

- Develop specific infrared CO , monitoring

via satellite using the OCO mission and
GOSAT (precision 1 ppm)

- Model studies of the error structure for
CO2 retrieval from space observations
(role of diffusers, spectroscopy studies,
diurnal cycle, inverse modeling of fluxes)

- Develop assimilation framework in
Numerical weather prediction models to

assimilate radiances into CO2and fluxes

- Development work for an active
instrument to obtain CO2 vertical structure

Priority observation for atmospheric component of global carbon observing system
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Ocean

Diagnostic models

Generate carbon and
biogeochemical fields that
incorporate available data

Interpolate and extrapolate
pointwise observations

Fusion of satellite observations
Estimate bio-geochemical rates

Optimal estimation of current
sources and sinks

Initial / Boundary conditions for
prognostic models

Design of optimal observation
networks.

Terrestrial

Diagnogtic modds

e.g. Production
Efficiency Models,

Neural networks...

Generate continuous fields of
NPP, e.g. directly from satellite
measurements

simulate short term variability
of Net Ecosystem Exchange

Prescribe fluxes to atmospheric
transport models

| Atmosphere

Global transport
models

Global transport and
climate models

Numerical weather
prediction models

nverse and forward simulations
of global CO2 (flask) network)

Nverse and forward simulations
of CO2. Can be coupled with
ecosystem flux module
interactively

Can be used in addition for
operational retrieval of CO2
atm from radiance and sources
and sinks inferrence

Prognostic models

Global ocean carbon
models

Coupled ocean-atm
models with carbon

Required on a wide range of
time and space scales, and
with varying degrees of
complexity of ecosystem
biogeochemistry
parameterization.

Long integrations to examine
the base state of the marine
carbon cycle, natural
interannual to geological
variability

Integrations for climate change
responses and feedback

Prognostic models

Carbon, Energy, water,
prognostic models

Energy, water, carbon,
nutrients prognostic
models

Energy, water, carbon,
nutrients prognostic
models with
disturbances and
ecosystem dynamics

Long integra tions to examine
carbon pools and rates, and
NEP

Impact of nutrient addition and
limitation

Impact of land use and land
management and disturbances
on carbon pools and long term
sequestration

Regional transport
and climate models
(100-10 km)

Inverse and forward
simulations for interpreting
continuous observations

Generate climate fields to drive
flux models

Interpret synoptic variations
and air masses CO2 variability

Study atmospheric processes
and carbon fluxes interactions
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High-resolution
mesoscale models

basin-to-global models

Coastal / Regional
models

Forestry models

Agricultural
models

Estimate biomass in managed
forests in response to
management action.

Estimate yield of crop under
different stress, and practice

Local transport and
climate models (10
km-100 m)

Turbulent transport
models

near the ground (PBL)

Campaign measurements
interpretation

Site effects modelling (eg
mountain stations

Canopy fluxesn recycling, etc...
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Notes

! Climate Change 2001: Synthesis Report: Third Assessment Report of the Intergovernmental Pand on Climate Change, in Houghton, JT., Ding, Y., Griggs, D.J, Noguer, M., van der Linden,
P.J, Da, X., Maskell, K., and Johnson, C.A., eds.: Cambridge, United Kingdom and New York, NY, USA, Cambridge University Press, 881 pp.

2 Climate Change 2001: Synthesis Report: Third Assessment Report of the Intergovernmental Panel on Climate Change, in Houghton, JT., Ding, Y., Griggs, D.J, Noguer, M., van der Linden,
P.J, Da, X., Maskell, K., and Johnson, C.A., eds.: Cambridge, United Kingdom and New York, NY, USA, Cambridge University Press, 881 pp.

3 +*Need to add amore complete reference—web site? *
*** Add web site**

% **add web site**

8 +* add web site**

T#* add web siter*

85 http://ioc.unesco.org/igospartnersligoshome htm

9 See http:/Aww.ceos.org/

10 seer hittp://ioc.unesco.orgfiocwebico2panel

1 g

2 gowk

Bax Add aset of citesto Nationa Program web sitest*
e 0., CMDL Flask Network (GLOBALVIEW-CO2 2000, Cooperative Atmospheric Data Integration Project- Carbon Dioxide: Boulder, Colorado, NOAA-CMDL)

B http://www-cger.nies.go.jp/~moni/flux/asa flux/index.html, http:/Aww.isa.utl.pt/def/gemf/carboeuroflux.htm, http://public.ornl.gov/ameriflux/Participants/Sites M ap/index.cfm,
http://mww fluxnet -canada.calwel come.html, hitp:/Amww.clw.csiro.awresearch/waterway/interactions/ozflux/, http://www-eosdis.ornl.gov/FLUXNET/

18+x a0d citesto web Stes**

17+ add cite to FAO and IGBP Soil Maps

18 http://ioc. unesco.org/ioccp

B+ (web siteloicz)

20 %% Chédint*

Zwhich isflying on board the NASA/Aqua satellite that was launched in May 2002.

%The Inrared Atmospheric Sounder Interferometer (IASI) will fly with AMSU on board the EUMETSAT/MetOp that is scheduled for launch in 2005.

Z\Which will fly which will fly on the NOAA -NASA’s NPOESS Prepatory Program (NPP) Mission aswell on the NPOESS meteorological satellite.

% For instance, AIRS measures 2378 frequencies a high spectral resolution and covers most of the infrared spectrum while HIRS2 meesures 19 infrared frequendies.
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% |n particular, the 25-year archive of the HIRS2 should be used to produce a CO, record at a space-time scale of 10°/monthly and with atarget precision of 1%.

% May, RD. and Webster, C.R. 1990. “Balloonborne Laser Spectrometer Measurements of NO2 with Gas Absorption Sensitivities Below 105", Appl. Opt. 29, 5042-5044. C.R. Webster, C.R.
and May, R.D. 1991. Aircraft Laser Infrared Absorption Spectrometer (ALIAS) for Polar Ozone Studies’, Infrared Technology XVII, 1540, 187-194. Webster, C.R. and May, R.D. 1992. “In-Situ
Stratospheric Measurements of CH4, 13CH4, N20O, and OC180 Using the BLISS Tunable Diode Laser Spectrometer”, Geophys. Res. Letters 19, 45-48. Micheson, HA. e d. 1999.
“Intercomparison of ATMOS, SAGE Il, and ER-2 obsarvations in the Arctic vortex and extra-vortex air masses during spring 1993", Geophys. Res. Letters, 26, 291-294. Zahniser, M. S. et d.
1995. "Measurement of trace gas fluxes usng tunable diode laser spectroscopy.” Phil. Trans. R. Soc. Lond. A, 351, 371-382. Nelson, D.D. et a. 1996. "Recent Improvements in Atmospheric
Trace Gas Monitoring Using Mid-infrared Tunable Diode Lasers." SPIE Proceedings, Vol. 2834, 148-159

2 http://www.wmo.ch/wmo50

2 hittp://wwWWw.i0C.UNEsCO.0rg/goos

2 http:/fioc.unesco.orgliooweh

0 http:/www.fao.org/gtos

3L http://www.fa0.0rg
2 http://www.unep.org

|GCO version 45/30/2003 GS)



